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INTRODUCTION. 


In this paper it is shown that three ternary quadratic forms X, Y, 
and Z, homogeneous polynomials of the second degree in the variables 
x, y, and 2, can in general be thrown into the form 


X = vw, — ywt+te, ¥ = wu — wutty, Z = uv, — uwt tz, (1) 


where the seven letters: u, v7, w; Uj, v1, wW1; and t; — denote linear 


forms, that is, they are homogeneous polynomials of the first degree 
im 2, ¥, %. 

In the language of vector algebra, the scalars X, Y, Z are the com- 
ponents of a vector F(p), or simply Fp. The linear forms uw, v, and w 
are components of a linear vector ¢p, and wu, %;, w; are components of 
a second linear vector 6p. The linear form ¢ is regarded as the scalar 
product of a constant vector 6 and the point-vector p. The above 
statement translates into the vector equation 


Ip = Vp 6p + pSép, (II) 


or, in words, a quadratic vector function, homogeneous in p, can be 
expressed as the vector product of two linear vector functions, aside 
from a properly chosen scalar multiple of the point-vector. 

The significance of this result lies, in part, in the fact that, in various 
problems depending on three quantics, the term in p may be taken 
arbitrarily. For example, the differential equation 

(y¥Z — zY)dx + (2X — xZ)dy + (x¥ — yX) dz = 0 
in vector language becomes SpF'pdp = 0, or SdpV pF p = 0, and is 
thus independent of the term in p and of the linear form ¢t. The 
vector }’pFp may in general be factored into V pV dpép. 

It is also shown that the vector 6, equivalent to the linear form f, 


may in general be determined in thirty-five ways. The three scalar 


equations (I), equivalent to the vector equation (II), (X, Y, and Z 
being given and the right members to be determined), are in general 
equivalent to eighteen quadratic equations. The solution depends 
upon an equation of the seventh degree, which determines seven sets 
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of values of x, y, and z, called axes of the quadratic vector. When 
these axes are found we can then find 6 and t¢. 

The thirty-five ways of finding ¢ are diminished in number by 
various special relations among the constituents of X, Y, and Z. 
These restrictions are simply expressible in terms of configurations 
of the axes. It is shown that at least one value of ¢ can be found, 
that is, that the eighteen quadratics have a solution, except in two 
cases. 

Methods of finding 6 or ¢ are worked out for all possible configura- 
tions of the axes. This is done by means of normal forms, or model 
vectors, including various classes of quadratic vectors. 

The use made of the technical methods of vector algebra is slight 
in the first part of the paper, more extended when dealing with condi- 
tions of multiplicity among the axes. The results, while they were 
invariably obtained by vector algebra, can be verified in most in- 
stances by the reader who has only a slight acquaintance with these 
methods. 

The classification of vectors under normal or type forms is worked 
out on the following scheme: — 

Class I. Seven distinct axes. Type form (31). 

Class II. At least one axis is of order two or more. These are 
subdivided into : 

1. Vectors having one or more double axes but no triple axis. 
The double axes may be one, two, or three, in number. Types Art. 16. 

2. Vectors having at least one triple axis but no quadruple axis. 
Of these, there may be either one, or two, double axes. We may also 
have two distinct triple axes. Types Art. 25. 

3. Vectors having an axis of order four or higher. These are of 
two distinct kinds, according as the multiple axis is — 

Class 1°. A double element of all cones VpFp = 0. Type forms 
are discussed in Art. 27 and 37. 

Class 2°. Not a double element for all cones pFp = 0. Types 
Art. 30, including the two forms (185) and (195). 

Class III. The number of axes is infinite. There are three special 
forms (57). The vector VpFo possesses a scalar factor, and is said 
to be reducible. The equations (I1) are not considered with reference 
to this class, the forms (57) being equally simple. 
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PART ONE. 


1. In many problems of Geometry and of Physics we meet with 
quantities which, occurring at the points of a portion of space, possess 
a definite direction, as well as magnitude or length along that direc- 
tion. The velocity of a fluid at a point, and the force at a point due 
to the attraction of an assigned distribution of matter, are familiar 
examples. If such a directed quantity, or geometrical vector, be 
resolved along chosen axes of reference, it yields components XA, Y, 
and Z, which are ordinary, or scalar, functions of x, y, and 2, the 
coérdinates of a point in space. Approaching the matter from the 
side of Algebra, both the independent variables and the component 
functions will, in general, be free to take on complex values. 

If we agree upon the following four conventions,— 


1. The vectors whose components are (1, 0, 0,), (0, 1, 0), and 
(0, 0, 1) are denoted, respectively, by 2, 7, and k. 

2. Multiplication of a vector by a scalar means multiplication of 
all components of the vector by the scalar. 

3. Vectors are added by adding their corresponding components. 

4. Equality of vectors implies equality of corresponding compo- 
nents,— 


it follows that we may write, for the vector p from the origin to a point 
in space, 


p= i+ jy + kz (1)- 
A vector function of p may be denoted by F(p), whence 
F(p) = 1X +9Y + kZ (2). 


My present object is to contribute something toward a theory of 
those vectors whose components are homogeneous polynomials 
of the second degree in the variables x, y, z. That is, X, Y, and Z 
are ternary quadratic forms. The theory of my vectors will then 
be, up to a certain point, in close relation with the theory of a set of 
three forms, but the name vector implies also a definite order, X, Y, Z, 
among these forms; and we have, moreover, the above defined 
process of addition of vectors. 
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2. The classification which I propose to make of various types of 
quadratic vector depends upon the existence of directions called azes, 
which are directions of the point-vector p such that we have simulta- 
neously 


yZ—2Y=0, 2X —aZ=0, rY —yX =0 (3) 


Geometrically stated, an axis of F(p) is a direction of p such that F (p) 
either vanishes in all its components or is parallel to p. Those axes, 
if any, for which F(p) vanishes, may be called the zeros of F(p). 

It is well known that the number of sets of values of the ratios of 
x, y, and z satisfying equations (3) is, when X, Y, and Z are ternary 
forms of degree p, in general equal to p?>+ p+ 1.) A quadratic 
vector form has therefore, in general, seven axes. 

Of these seven axes, however, some may be in coincidence, giving 
multiple axes. 

If, on the other hand, there are more than seven axes, there are 
an infinite number. For let there be eight or more axes, and suppose 
their number finite. Equations (3), if satisfied, will subsist after a 
change of the codrdinate system. We may therefore suppose no axis 
to lie in the plane z = 0. The first two of equations (3) will have ten 
or more solutions, viz. the two lines of intersection of the plane z = 0 
with the quadric cone Z = 0, and the eight or more axes of the vector. 
But two cubic equations with ten solutions have an infinite number. 
The third equation is a consequence of the first two wherever 2 is 
not zero. Hence the three equations have a common linear or quad- 
ratic factor, and the number of axes cannot be finite. 

These facts suggest a division of quadratic vectors into three 
types,— 

I. General type. There are seven, and only seven distinct axes. 








1 For two proofs from very different points of view, see Darboux, ‘‘ Memoire 
sur les Equations Differentieles Algébriques,’’ Bul. Sci. Math. 13, (1878), 
p. 83, where the solutions of (3) give the singular points of a differential equa- 
tion; and Clebsch, “‘ Lecons sur la Geometrie,”’ (Tr. Benoist), t. II p. 113 and 
t. III p. 435, (Vorl. u. Geom. Bd. I s. 39), 1001), where these equations are 
connected with a quadratic complex. 

Again, if we let a point transformation in homogeneous coérdinates be 
defined by the equations x = X, y = Y,z = Z, then (3) gives the fixed points, 
together with the singular points. 

A short proof for the present case is as follows,— let the first two equations 
of (3) define two cubic curves. They intersect, in general, in nine points, of 
which two are the intersections of the line z = 0 and the conic Z = 0. If z 
and Z are not both zero the determinant x<Y — yX must vanish. Hence at 
9-2 points equations (3) hold simultaneously. 
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Il. The number of distinct axes is less than seven, some being 
multiple. 

III. The number of axes is infinite. It will be convenient to speak 
of this as the reducible type. 


3. If the number of axes is infinite, there exists either a plane or a 
quadric cone (according as the common factor of (3) is linear or quad- 
ratic), such that any direction of p in the plane or the cone gives an 
axis of the vector. 

Conversely, that a quadratic vector have an infinite number of axes, 
it is sufficient that it have six distinct axes on a quadric cone, proper 
or degenerate. For suppose the number of axes finite. Let the 
coérdinate system be so taken that no axis lies in the plane z = 0. 
If the first two equations (3) have six solutions on a quadric, the 
remaining three are linearly related. That is, the seventh axis of the 
vector lies in the same plane with the two lines of intersection of 

= 0 and Z = 0, contrary to hypothesis. Hence the number of 
axes cannot be finite. 


4. The axes are not altered by adding to the vector a term of the 
form tp, where ¢ is a sealar. This is geometrically obvious, for if p 
and F(p) are parallel, extending F(p) in the direction p will not disturb 
the parallelism. Analyticallv, ¢ must, in the present case, be a linear 
form in x,y,2. If we write 


= pe + qy + rz (4) 


Pp, g, and r being constants, the addition of tp to F(p) is the same as 
putting Y + x(px + qy + rz) for X, with similar expressions put for 
Y and Z. If we make these substitutions in (3), the equations are 
invariant.°® 

It is equally obvious that the axes of a vector are not altered if we 
multiply it by any non-vanishing scalar constant. 


2 Salmon, Higher plane curves, Art. 24, Ist Ed. 

3 This is directly seen if we introduce vector multiplication, (see part I], 
below), for equations (3) are equivalent to the vector equation VpFp = 0. 
We may change Fp into Fp + tp at will, since p? is a scalar. 

The results of Arts. 2-4 are evidently applicable with slight modification 
to homogeneous vectors of any degree, the components being polynomials. 

















ooo 
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VECTORS OF THE First oR GENERAL TYPE. 


5. TheoremI. A quadratic vector of type I is completely deter- 
mined by its axes, aside from a constant non-vanishing multiplier / 
and an additive term fp. 

The truth of the theorem would, on the proviso that the axes are 
independent, appear from a count of the scalar constants involved. 
For the three quadratic forms X, Y, Z involve eighteen scalars. The 
multiplier h, and the three scalars which determine f¢, leave fourteen. 
The seven axes, if independent, involve fourteen. 

That the axes may, in fact, be assigned arbitrarily, I shall show by 
expressing F(p) in terms of its axes by means of a vector equation. 

The theorem further implies that, no matter what special relations 
exist among the axes of F(p), provided they are distinct and of finite 
number, any other vector having the same axes may be written 
hF(p) + tp. 

To prove the theorem, let any seven axes be chosen, distinct, with 
no six on any quadric cone. Let vectors in these seven directions be 
denoted by §:, B2,...87. We may, without loss of generality, suppose 
that 8,, Bs, and B3 are not coplanar, and, at the same time, that 84, 85, 
and 8, are not coplanar. Tor the seven axes cannot all lie in the same 
plane, because such a plane, with any other plane, would constitute 
a degenerate quadric cone, contrary to hypothesis. Accordingly, let 
any three non-coplanar axes be called 8), 82, and 83. The remaining 
four axes cannot all lie in the same plane, for, with the plane of 6; and 
B2, it would constitute a quadric cone. Let any three which are not 
coplanar be taken from the four and called 8;, B;, and Bs. 

I shall now determine the constants p, q, and r, of the linear form f, 
so that 8;, B2, and 83 shall be zeros of the vector F(p) + tp; that is, 
so that we have, simultaneously, 


F(gB,) + (8: = 0, F(B2) + tB2 = 0, F(B3) + tB3 = O. (5) 


Let the components of 8), B2, 83 be given by 
By = thi + phic + kby3, Bo = tbo; + jboe + kbes, 
Bs = tbs, + jbsz + kbg3. 


Let the determinant of the components be denoted by (123), i. e. 


bis, bis, bis 
(123) = | ben, boo, bos | (6) 
bs, hse, bss 
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This determinant is not zero, i. e., by hypothesis 61, 82, 83 are not 
coplanar. That these #’s are axes of F(p) is equivalent to writing 


F(Bi1) = ¢181; F(B2) = e282; F(Bs) = csBs (7) 


C1, Co, Cz being constants; whence (4) and (5) yield 


at poi + qbi2 + rbig 
C2 + pba + gbo2 + rbos 
c3 + pbs: + qbsz + rb33 = 


0 
0 (8) 
0 


three linear equations in the three unknowns p, gq, r. Since (123) 
does not vanish, the solution is uniquely possible. Let the values of 
p, q, r thus determined be po, go, 70, and write 


Fo(p) = F(o) + top 
The relations (5) are then equivalent to 
F,(B:) = 0, Fo(B2) = 0, Fo(6s) = 0. 


The vector Fo(p) is most simply expressed in a new coérdinate system 
given by writing p = 8: 21 + Bo, x2 + B3, x3, equivalent to 





_ (23p) _ @lp) _ (129) 
1 (193)? ~ (423) “3 ~ (123)’ (9) 


where (23) denotes the determinant * 


bo, boo, bos | 
| b31, 532, 533 | 
| { 
ie sPW »k | 


with similar meaning for (31p) and 12p). If we write 6; for p we have 
simultaneously 22 = 0 and 23 = 0. Since F(6;) vanishes in all its 
components, no component can, in the new coérdinate system, con- 
tain any term in z;2._ Similarly, no component can contain any term 


y © ° SBoB3p 
4 Using scalar products of three vectors, we may write x; = S888 and 
1Y2V3 


similarly for 22 and 73. 
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in 22” nor in 23%. If the original components of Fo(p) be called Xo, 
Yo, and Zo, that is 


Fo(p) = 1X0 + 7Yo + kZp, 
the change of coérdinates may be analytically represented by 


Xo = X +2(por + qoy + rz) = ayrxerg + ay2x3t1 + Aigrire 
Yo= Y+ y (por + goy + To) = A21XoX3 + AgoaX3X1 + Aza We (10) 
Zo = Z + 2(por + qoy + roz)= azixors + Azoa3t1 + 332122, 


where the nine a’s are constants to be determined. If three vectors 
a1, a2, and a3 be defined by 


01=2011+-]d23+ha31, a2=1dyo+7d2+hkaz2, ag=2013+1d23+hka33, (11) 


it is obvious that the transformation (10) is equivalent to 


Fo(p) = A1X2%3 + Aoast1 + agX1X2 (12) 


Taking this result as one step in the demonstration of theorem I, 
we note that the form of the right member is determined when the 
choice of axes 61, 82, and 63 has been made. In other words, any two 
vectors, alike in having §;, Bo, 83 for axes can, by a proper choice of 
Pp, q, and r, be thrown into the form (12), and will then differ in the 
vectors a but not otherwise. 
Consider next the disposition to be made of the a’s that 84, Bs, and 

8. may be axes of Fo(p) and therefore of F(p). If Fo(@4) is a scalar 
multiple of B,, the determinant of the coefficients of the three vectors 
84, Bs and F)(84) vanishes. Abbreviate this determinant by (45F,). 
Similarly (45/05) vanishes if Fo(8;) is parallel to 6;. Advancing 
cyclically the subscripts 4, 5, 6, we have in this manner six necessary 
conditions 

(45 Fos) = 0, (56 F's) = 0, (64F 06) = 0, (13) 

(45F 5) —_ 0, (56 Fs) = Q, (64F 4) = Q, 


They are also sufficient; for, pairing the six relations in a different 
manner, 

(45 Fs) - 0, (56F 5) _ 0, (64F 6) _ 0, 

(64F 4) = 0, (45 Fos) = Q, (56F 6) —_ Q, 


we see that the two equations of the first column require that Fo(@4) 
shall, at the same time, lie in the plane of 84, 6;, and the plane of Be, 
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Bs. That is, Fo(8,) coincides with 6, aside from a scalar factor. The 
sufficiency of the conditions we may, if we prefer, show analytically, 
by using components b4), b42, b43, for 84, ete.; and remembering that 
(456) does not vanish. 

From (12) and (9) we have 


(123)? Fo(p) = ai(3lp) (12p) + ao(12p) (23p) + a3(23p) (31p), (14) 


By writing respectively 8; and @; for p in this last equation, we obtain 
the two equations of the first column of (13) in the form ° 


(45a)) a (124) + (45az2) 124) (234) + (45a3) (234) (314) = 0 (15) 
(45a;) (315) (125) + (45ae) (125) (235) + (45a3) (235) (315) = 0 * 


two linear homogeneous equations in the three quantities (45a), 
(45a2), and (45a3;). The two-row determinants from the matrix 
of the coefficients cannot all be zero. For, identically, 


(124) 


me = (234) (235) [(124) (315) — (125) (314)] 


(234) (235) (415) (123) (16) 


234), (234) (314) 
235), (235) (315) 


whence, with similar transformations ® for the other two-row de- 
terminants, and remembering that (123) does not vanish, we see that 
the simultaneous vanishing of the three determinants would be equiva- 
lent to 


(234) (235) (415) = 0, (314) (315) (425) = 0, (124) (125) (435) = 0 
(17) 


We cannot have (234) and (314) both zero, for Bz and 8, were taken 
distinct in direction. We may, “mg satisfy the first two condi- 
tions by assuming (234) = (315) = 0. But (124) cannot vanish 
with (234), (125) cannot vanish with (315), and (435) cannot vanish 
with (315), since no four axes can lie in one plane. Similarly we may 
exclude all other combinations of vanishing factors, one from each of 
the three equations. 


5 Using products of vectors, we multiply both sides of (14) by the quaternion 
8.8; and take scalars. 

6 Using scalar products, the bracketed terms = S882(BsSB3818; — BsSA3B81B4) 

SBiB2V(VB:8:V 6:8.) = SBiB2BwSBiBsBs = (123) (154). 
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Equations (15) therefore determine the three quantities (45a,), 
(45a2), and (45a3), in terms of a constant of proportionality, which I 
shall denote by kg, as follows, 


| (19 é 9% 31- . , re ee 
(45a1)= Ie, a nie roe ne = Irg(123) (234) (235) (415), (18) 


. (234) (314), (314) (124) 92) (214) (215) (495 
=Ks i > ; |  s = Wel lad) (e 315) (425), (19) 
(45a) =k (235) (315), (315) (125) heg(123) (314) (315) (425), (1 


, (314) (124), (124) (234) ae yen 
(A5as)=ke | 315) fon a a = Ivg(123) (124) (125) (435), (20) 


These equations are changed into one another by cyclic advancement 
of the numbers 1, 2, and 3. By advancing cyclically the numbers 
4,5, 6 we may obtain two other sets, of three equations each, sufficient 
to determine the quantities 


(56a), (56a2), (56a3) : and (64a, 3 (64ae), (64a;) . 


respectively in terms of two other constants of proportionality /-; 
and ks. 

These nine relations enable us to write (Fo(p) in terms of 8B), Bs. . . Bs 
and the constants fy, /;, /*5, by means of a vector equation. Con- 
sider the determinant of the coefficients of the three vectors B:. 83, 
and Fo(p), which we may abbreviate (45Fop). By (14) we have 


(123)? (45Fop) = (45a;) (810) (12p)+(45a2) (12p) (230) 
+(45a2) (239), (31), (21) 


whence, comparing with (15), we have 


| (3lp) (12p), (12p) (28p), (2383p) (81p) 
(123)? (45Fop) = he | (314) (124), (124) (234), (234) (314) |. (22) 
| (315) (125), (125) (235), (235) (315) 


If we agree to write 
P(p) = ¢ (3lp) (12p) + 7 (12p) (23p) + & (23) (31p), (23) 


we may conveniently denote the determinant on the right of (22) as 
(P,P;Pp), since it is the determinant of the coefficients of the three 
vectors P(8s), P(8;) and P(p). By advancing the numbers 4, 5, and 
4 we obtain two similar relations and have 
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(123)? (45Fop) = ke (PsPsPp), 
(123)? (56Fop) = ks (PsPePp), (24) 
(123)? (64F op) = ks (PePsPp), 


To collect results, note the identity (which we may obtain by writing 
out determinants), 


X0(456) = b41(56F op) + bs:(64F op) + be1(45F op), 


where b4:, bs; and be; are the first or z-components of 84, 85, Bs. If 
this identity, with two similar identities ’ for Yo and Zp, be multipled 
respectively by 2, 7, and k, and the results added, the vectorial identity 
is obtained 


(456) Fo(o) = Ba(56Fop) + 8(64Fop) + Bo(45F op), (25) 


Values determined by equations (24), (equivalent to the six equations 
(13), necessary and sufficient that 84, 8;, and 8. shall be axes), intro- 
duced in (25), give 


(123)? (456) Fo(p) = ksBa(PsPePp) + ksBs(PePsPp) + —s 
26 


The form of this result shows that, on the one hand F)(6;), Fo(@2), 
and F (83) vanish, (because P(6;), P(62), and P(@3) vanish), while on 
the other hand we have | 


Ma) te ee 


fp eo ah 9 
*” (123)? (456) ’ (27) 
with similar expressions for Fo(8;) and Fo(@s). As astep in the demon- 
stration of theorem I, we note that two vectors, alike in having 
61, Bo,...8¢ for axes, can be thrown into the form (26), and will then 
differ in the constants ky, ks, ks, but not otherwise. 

It remains to dispose of k4, k; and kg so that B7 shall be an axis. Let 
87 be expressed in terms of 64, 8;, and 8. by an identity like (25), viz. 


(456) By = Ba(567) + B5(647) + Be(457), (28) 


If B7 is an axis, Fo(67;) = AB; where h is some constant; whence, 
writing 67 for p in (26), 











7 The three are equivalent to the well-known vector identity, (8, dA, u, », 
being any four vectors), BSA\uv = ASuvB + wSvrAB + vSrApB. 
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(123)? (456)kBz = ksBa(PsP6P7) + ksBs(PePsP7) + keBe(PsPsP2), (29) 


Comparing corresponding components of (67) in (28) and (29) we 
have, as necessary and sufficient conditions that 67 shall be an axis, 
h(567) (123)? h(647) (123)? h(457) (123) 

ks — ’ ks —= ’ ke = 


(PsPcP7) (PePsP?) 7 











Allowing for the moment that none of the denominators vanish, we 
may introduce these results in (26) and have, finally, 


h(567) (P5P6Pp) + Bs: h(647) (P6PsPp) 
(456) (PsP6P2) (456) (PePP2) 

+ B, h(457) (PaPsPp) 
(456) (PaPsP) 








Fo(p) = Bs: 
(31) 





If 8; be written for p, the right side reduces to h87 by the identical 
relation (28). cannot be zero for Fo(e) would vanish and F(p) would 
reduce to the term tp, contrary to the hypothesis that F() is of type I. 
h is otherwise arbitrary and two vectors alike in possessing the axes 
81, Bo,.. .87 can differ in the constants h, ci, c2, and cs, that is, in regard 
to h and the form ft, but not otherwise. 

I shall now show that none of the denominators in (30) can vanish 
if the choice of £7 is consistent with the hypothesis that no six axes 
lie on a quadric cone; whence the seven axes of (31) are assignable in 
any manner consistent with that hypothesis. Consider the determi- 
nant on the right of (22), or (P4P;Pp). - Expanding by the elements of 
the first row, and developing the minors as in (18), (19), and (20), we 
have 


(PsPsPp) = {(31p) (12p) (234) (235) (415) 
+ (12p) (23p) (314) (315) (425) 
+ (23p) (31p) (124) (125) (435) } (123) 


In the first term on the right, in place of the product of the two factors 
(31p) (234), write, identically, (314) (23p) + (123) (349). Then em- 
ploy successively the two identities 


(235) (415) + (315) (425) = (345) (125) and (31p) (124) — (12p) (314) 
= (123) (41p) 
and we have 
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(P4P;Pp) = (123)? { (12p) (34) (235) (415) — (125) (345) (23p) 
(41p)} (32) 


The expression in braces may be regarded as a function of the four 
vectors 8), Bo, 83, 84, taken in cyclic order, and of the two vectors 
pand 6;. It may be abbreviated Cj234(5, p). It is homogeneous and 
quadratic in each of the six vectors, and vanishes if any two coincide. 
Therefore, if equated to zero, it denotes a quadric cone through the 
five vectors B. If we write 8; instead of p, the result cannot vanish, 
since, by hypothesis, no six axes lie on a quadric cone. That is, 
the third denominator in (30) does not vanish. Similarly, neither 
(P;P.P;) nor (P¢P4P7) can vanish. Theorem I is therefore proved. 


6. We may regard (31) as a normal or model form for a vector of 
type I. <A variety of results follow immediately, either by inspection, 
or by using identities like (32). 

For example, if a quadratic vector F(p) has three axes which are 
coplanar, it may, by the addition of a properly chosen term p(pa +qy 
+ rz) be reduced to a binomial. For let the coplanar axes be num- 
bered 4, 5, 7, and proceed as in (31). The last term vanishes, and Fop 
is a sum of scalar multiples of two axes. The resulting binomial 
vector has 8), Bo, 83, and 8¢ for zeros. 

Conversely, if F(p), being of type I, has four zeros, it has the other 
three axes coplanar. For choose three of the zeros to be the 6;, Bo, B3 
of the foregoing discussion. Determine Fo(p) as in (31). 67 cannot 
be a zero, for, as has been shown, A cannot be zero. If either B4, Bs, 
or Bs is a zero, we have ky, ks, or ke, respectively, zero, entailing the 
vanishing of either (457), (567), or (647). That is, a set of three axes 
lie in a plane, not including one of the four zeros. 

Again, let there be three coplanar axes, and number them 1, 2, and 
7. By expanding as in (32) we see that each of the denominators in 
the model form (31) becomes a product of three-row determinants. 

If a vector of type I has two sets of coplanar axes, the two sets must 
have one, and only one, axis in common, since no six lie on any quadric 
cone. Suppose (127) = (457) = 0. (31) becomes, aside from a scalar 
factor, 

(567) * C235 (6, p) 


; : (647) C1236 (4, p) 
(126) (356) (517) 


(33 
(124) (364) (617) 33) 


+ Bs 


D4 


where Cj23;(6, 9) vanishes on the cone through 6, Bo, 83, 85 and Be, 
and is obtained as in (32). There is nothing to prevent us from inter- 
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changing the two sets of axes numbered 1, 2, 3 and 4, 5, 6, whence 
(33) becomes 


B.- (237) -Casee (3, 9) Bo: (317) -Casee (1, p) (34) 
(345) (236) (247) ~ (145) (631) (347) $e 
and the two vectors (33) and (34) can, by theorem I, differ only in a 
scalar factor and a term (pa-+qy + rz)p. As an example of the 
striking relations that hold between the constants p, g, r and the axes, 
let p, g, and r be determined so that tp added to (33) gives a vector 
equal or parallel to (34). If we write 


6 = ipt+ jqtkr (35) 


the vector 6 thus determined is at right angles to both the axes 83 and 
8, which do not enter into either of the coplanar sets, a consequence of 
the fact that 63 and @, are zeros of both vectors (33) and (34). More 
generally, if F;(o) = hF2(p) + tp, and if F; and F, have a common zero 
8, t must vanish if p has the direction §, i. e. 6 is at right angles to 8.° 





8 Darboux has pointed out, (loc. cit.) the importance of linear relations of 
the type (127) = 0 in the solution of differential equations. For example, 
that the solution of the equation 

(yZ — zY)dx + (2X — xZ)dy + (xY — yX)dz = = (0 

may be made to depend on that of a Ric cati equation, it is necessary and suffi- 
cient that we have, in the language of this aye paper, three sets of coplanar 
axes, with one common axis, e. g. (127) = (457) = (867) = 0. If there are 
four sets of coplanar axes the equation can be integr: ated by -quadratures. On 
the other hand, if we have three coplanar sets, but not with one common axis, 
e. g. (127) = (457) = (134) = 0, no general solution of the equation has been 
obtained. i 

Another application of the ideas developed in the text fs to point transforma- 
tions. If we regard x;, x2, 23, of (9) as plane homogeneous co6drdinates, (31) 
gives the most general quadratic transformation having three singular points 
81, Bo, 83, and four fixed points 64, Bs, Bs, Br. 
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PART II. REDUCIBLE VECTORS. 


7. To obtain typical forms for vectors of the third class, which it 
will be convenient to consider next, much is gained in simplicity by 
introducing vector multiplication. If we adopt the Hamiltonian laws 
for 2,7, and k,— 


=k, gk = a, ki = J; j= — k, kj = —%, vk = - J, 


P= Pa = 1. 


it is well known that vector multiplication is distributive with respect 
to addition and is associative. Itis obviously not commutative. The 
product of two vectors is, in general, partly a scalar, and partly a 
vector. These two parts of the product are denoted respectively, 
by the selective symbols S and V. We may verify by direct multi- 
plication that equations (3) are equivalent to the vector equation 


VpF(p) = 0 (36) 


It was shown in Art. 2 that, if the number of axes of F(p) is infinite, 
the left members of equations (3) have a common factor, that is, VpF (p) 
consists of a scalar factor multiplied into a vector of lower degree. 

I shall now show that reducible quadratic vectors may be thrown 
into one of three typical forms, according as they possess 

(a) A proper cone of axes, every element of the cone being an axis 
of the vector. 

(b) A single plane of axes, every direction in the plane being an 
axis of the vector. 

(c) Two planes of axes, which, as a special case, may be in coin- 
cidence. 

In each of these cases, there will, in general, be one or more discrete 
axes not in the plane or cone of axes. 


8. The above subdivision of reducible vectors follows readily from 
certain properties of homogeneous vectors. 


Theorem II. If a vector F,(p), whose components are homoge- 
neous polynomials in 2, y, and z of degree n, satisfies the identity 


SpF,.(p) = 0 (37) 
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it can be written as VpF,_:(p), where F,_1(p) is a vector of degree 
% <i, 


For let the components of F,(p) be X, Y, and Z. The identity (37) 
is equivalent to 


aX +yY¥Y+2Z=0. (38) 
When y and z vanish together, x does not in general vanish, hence X 
must vanish. Therefore X, as a polynomial in 2, y, and 2, can contain 


no term in 2". We may therefore write X = yw + zv where v and w 
are scalar polynomials of degree n — 1. Similarly, 


Y=zu+e2w’ and Z=20' + yu’: 
(38) becomes 
y2(u + wu’) + 2x(v + vo’) + zy(w + wv’) = 0. (39) 


When‘ = 0 neither y nor z are generally zero, hence u + u’ vanishes 
all over the plane x = 0. With similar reasoning for y and z we may 


write 
utu = pr, w+’ =qy, wt+w' =f, (40) 
where, in the case n = 1, the factors p, q, and r are necessarily zero, 


since u, u’, etc. are constants, but for larger values of n we may have 
Pp, gq, and r polynomials of degree n — 2. From (39) we now obtain 


ptqtr=0 © (41) 
By eliminating u’, v’, w’, and p, we have 
A =ywta2, Y=a2u+re) — xv, = — vr — y(u+ 12) (42) 
If, therefore, we write 
Faa(p) = i1P+jQ+ kR = i(u+ rz) + j(— 0) + ku, (43) 
we find by actual multiplication 


VpF n-1(p) = t(yw + 2v) + j(zu + ara — ew) — k(we + yu yrz) 
= F,,(0), by (42). 
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The vector F,,_;(p) is not uniquely determined, since we may add to it 
an arbitrary vector term of the form pt, where ¢ is a scalar polynomial 
of degree n — 2. 


Theorem III. If a vector F,(o), whose components are homo- 
geneous polynomials in 2, y, and z of degree n, satisfies the identity 


VpF .(p) = 0 (44) 


it can be written in the form pt, where ¢ is a scalar polynomial of degree 
n— 1. 

Proof. Identity (44) implies that all directions of p are axes of the 
vector, or that equations (3) become identities for the vector in ques- 
tion. It follows that X vanishes all over the plane x = 0, and we 
may write X = tz where ¢ is a polynomial of degree n — 1. Simi- 
larly, Y = ty and Z = tz, the factor ¢ being the same in all three cases, 
by (3). This proves the theorem.® 


9. Returning now to the case of a reducible quadratic vector F(p), 
if the common factor of the left members of (3) is a quadratic poly- 
nomial which is irreducible, we have 


VpF(p) = q¢p (45) 


where gq is the quadratic scalar and ¢p is a vector of the first degree 
in p. If we multiply both sides of (45) by p and take scalars we have 


Spdp = 0, (46) 
because S-pVpF(p) = S-p*F(p) = 0. Therefore by theorem II 
op = Vap (47) 





9 Theorems similar to II and III may be proved by Euler’s theorem for any 
vectors whose components are homogeneous of the same degree. In general, 
if F(p) is of degree n, we have the identity 

F(p) = VpFn-1(e) + Vs, 
where s is a scalar function of degree n + 1 and V is the differential operator 
a a 6 
* bz Td Oy oi Oz 
From this, theorem II follows at once, s being zero. ‘The vector Fn_:(p) may 
awe be taken parallel to VYF(p). See Phil. Mag., 29 (May 1915), p. 
704. 
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where a is a constant vector. We may thus write (45) in the form 
Vp { F(p) — qa} =0 (48) 


By theorem III the vector in braces is a scalar multiple of p, and it is 
of the second degree, giving 


F(p) = qa + pt (49) 


where ¢ is a linear form in 2, y, and z. It is evident that a is an 
axis of the right member of (49). The cone g = 0 is a cone of axes. 
(49) may be regarded as a normal form for type (a) of reducible quad- 
ratic vectors. In vectorial language, a scalar quadratic form may 
always be written Sp6p, where Op is a linear vector, and a linear form 
t may always be written Sdp where 6 is a constant vector. (49) then 
becomes 


F(p) = aSp0p + pSép. (50) 


No change occurs in the order of reasoning in case the quadratic 
form s, that is Sp6p, is reducible to a product of linear factors. By 
Art. 3, if a quadratic vector possesses two sets of three coplanar axes, 
the six axes being distinct, it is a reducible vector. Any vector in 
either of the two planes containing the sets of three must be an axis 
of the vector, which may be written, as a normal form (c), 


F(p) = aSBipBop + pSédp (51) 


where 8; and $2 are constant vectors normal to these two planes, 
giving S6ip and Sep two linear forms. 

If the common factor of the left members of (3) is a linear poly- 
nomial, we shall have, instead of (45), 


VpF(p) = SBp- G(p) (52) 


where S@p is the linear factor and G(p) is, consequently, a quadratic 
vector. Multiplying both sides by p and equating the scalar parts, 
SpG(p) = 0, (53) 


whence by theorem II 


G(p) = Vpdp, (54) 
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where @p is a linear vector. We may thus write (52) in the form 
Vp[F(p) — dp-SBp] = 0 (55) 


By theorem III the vector in brackets is a scalar multiple of p, and it 
is of the second degree, giving 


F(p) = ¢p-SBp + pSép, (56) 


where Sép is, as before, a linear form. It is evident that the three 
axes of the linear vector ¢p are axes of the right member and that any 
vector in the plane S8p = 0 is an axis. It is also clear that this type 
(6b) of reducible quadratic vector contains, as does (a), the more 
special type (c) as a limiting case, since ¢p may itself be reducible, 
i. e., have an infinite number of axes. By Art. 3, a sufficient condition 
that a quadratic vector shall be of type (5) is that it shall possess four 
distinct axes in the same plane. 

Finally, if the left members of (3) vanish identically, theorem III 
shows that the quadratic vector F(p) is of the form pSép, and it may 
then be regarded as a limiting case of either (a), (6), or (c). Collect- 
‘ing results, any reducible vector F(p) of the second degree may be 
‘written in one of the three type forms 


(a) aSpOp + pSép 
(6)  dpSBp + pSép (57) 
(c)  aSBipSBep + pSép 


10. The following negative theorem is occasionally useful,— 
Theorem IV. If, for a given quadratic vector F(p), seven distinct 
axes can be found such that no six lie on a quadric cone, and if VpF(p) 
does not vanish identically, F(p) is not reducible. 

Proof. If the vector is reducible of type (a), it cannot consist 
merely of its last term pSdp, since, by hypothesis, VpF(p) does not 
vanish identically. Its only axes are the vector a, with the cone of 
axes Sp§p = 0. Whence it is not possible to choose seven not having 
six on this cone. Similar reasoning applies to (c). If the vector is 
reducible of type (b), we may suppose ¢ to possess not more than three 
distinct axes, for if so it could be written as (c).!° Whence it is im- 





10 For VpF(p) = SBp-Vpdp. If op has more than three distinct axes, Vp¢p 
has a linear factor, by reasoning parallel to that of Art. 3. 
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possible to choose seven distinct axis not having four in the plane 
SBp = 0. This plane, with the plane of two other axes, constitutes 
a quadric cone. 

There are no other possibilities; that is, it is never possible to 
choose, for a reducible quadratic vector, seven distinct axes without 
six On a quadratic cone, (excluding the quadratic vector pSép). This 
is the theorem. 

When the axes are not already known, we may test F(p) for re- 
ducibility by resolving VpF(p) into scalar components in any con- 
venient manner, and examining these scalars for common factors 
according to any of the well-known geometric or algebraic processes 
for detecting reducible polynomials. 

When, by any method, a scalar factor has been found for VpF(p), 
we throw F(p) into the proper type form, by the processes of Art. 9. 

It is of value, in theoretical investigations, to have tests for re- 
ducibility not requiring resolution into components. These are 
always possible. For example, if F(p) is of type (a) or type (c), 
VpF(p) is always in the plane at right angles to a. Hence if pi, po, 
and p3 are any three values of p we must have 


S ( Vpik p 1) (VpoF p2) (Vp3F p3) = 0 (58) 


The further study of these tests leads naturally to the use of differ- 
ential operators, and lies beyond the purpose of this paper. 
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PART III. VECTORS WITH MULTIPLE AXES. 


11. I shall now suppose that a quadratic vector is given possessing 
three known axes, distinct and diplanar. With the notation and 
ideas of the first part of this paper, we may suppose the vector to be 
thrown into the form (12), by the addition of a term pSép, that is fp. 

Let the three vectors a;, a2, a3 be expressed in terms of the three 
axes 61, 82, 83 by identities like (25), e. g. 


a;S818283 _ B SB2B3a1 + BoSB3B1a1 + B3SB1B2a1, (59) 


the scalar of the product of three vectors being, sign excepted, the 
determinant of their components. If we adopt the notation 


= SB2B301 — SB3B 1a; 


SB2B3a2 
fea — ——— ge 
SBiBBs ~ SB BBs 


~ SB iBoBs’ 
we shall have Fo(p) in the form 


Fo(p) -— B1(A 1a 20"3 + Ajuga, + A 13X12) 
+ B2( Aaron's + Aooaga; + A 3X 22) 
+ B3( A 31X23 + Asoa3x1 + A 3321%2), (61) 


where the nine A’s are constants to be determined. 

If 8; is a double axis, the cubic cones (3) have the same tangent 
plane at the element 8), or else have a double line at 6;. By taking 
polars,!? the vector VpF(p) gives 


V pF o(B:) + VB Bol Area's + Ao3x2) + VBiB3(Asors + A332), (62) 
because 22 and 23 vanish when {; is put for p. But Fo(8;) vanishes. 
Hence, that we should have, at most, one polar plane for the three 
cubic cones (3), it is necessary and sufficient that the determinant 
(63) 
11 | hat is, differentiating VpF'p and putting #; for p after the differentiation ; 


we have, as the polar vector, Vp'F'p + Vp}Bi(A 1129't3 + AisFor;') +... ete. , 
which, writing @, for p, and dropping accents, gives (62). 
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shall vanish. £; is thus a multiple axis of F(p) when, and only when, 
this condition is satisfied. 

We may now suppose f4, 85, and 6, to be three more axes, as in Art. 5. 
If we assume, as before, that no quadric cone can be passed through 
the six vectors 8;.. .8s, and that 64, 8; and 8, are diplanar, the investi- 
gation of Art. 5 is valid through (27). The vanishing of (63) must 
therefore be equivalent to a relation between the constants of pro- 
portionality ky, k;, and ks. To obtain this relation we have first to 
write a, in terms of 84, 85, 8s, by an identity like (28), 


(456)a2 = B4(56a2) + Bs(64a2) + Be(45a2) (64) 


For Ass we then have 


= (314) (56a2) + (315) (64a2) + (316) (45a2), by (64), 
= (314)k4(123) (315) (316) (526) 
+ (315)k;(123) (316) (314) (624) 
+ (316)k,.(123) (314) (315) (425), (65) 


by using the value of (45a2) from (19), with two similar expressions for 
(56a2) and (64a2). The result may be most simply expressed by 
taking a vector «x such that its components along V8;8¢ etc. are ka, ks, 
k., that is 


(456)« = kaVBsB6 + ksVBeBs + keV BBs (66) 
We then have, multiplying both sides by 82 and taking scalars, 


(456)S xBe = S(k4BoBsBe + ksBo2BoBs + keB2B48s) 
a [k4(562) T k5(642) T k¢(452)] 


because the scalar of the product of three vectors is the negative of 
their determinant. (65) may now be written 


Aso = — (314) (315) (316)S KB. (67) 
By similar reasoning 


To obtain A93, it is more practicable to use, in (20), the determinant 
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form of (45a3), with two similar determinants for (56a3) and (64a3); 
we have 


Asx(123) (456) = (810s) (456), by (60), 
= (314) (56a3)+ (315) (64a3)+ (316) (4503), identically, 





whence, using (20) as above indicated, the last expression is the same 
as the determinant 


K4(314), (314) (124), (124) (234) 
| ks(315), (315) (125), (125) (235) 





| Iee(316), (316) (126), (126) (236) (69) 
If we expand by the elements of the third column we find | 
Ao3(123) (456) = (124) (234) (315) (316) [k5(126) —k,(125)]+-...+...; 
(70) 
but, by (66), ks = — Sx8; and ke = — Sx@e, giving 
k5(126) —ke(125) = — SxB5(126) + SxB_(125) | 
= + Sx[BsSBiB28. — BeSBiB2B5] 
= SxV(VB,82.V BBs), identically, 
= Sx[BiSBB68s — BeSBiB68s] 
=  S8x61(256) — Sx62(156); (71) 


the second and the third terms on the right of (70) may be similarly 
transformed, being obtained from the first term by advancing the 
numbers 4, 5, 6. If we collect the coefficients of Sx: we therefore 


have 


(124) (234) (315) (316) (256) + (125) (235) (316) (314) (264) 
+ (126) (236) (314) (315) (245). 





In the first of these three terms, make the identical transformations 
(234) (315) = (123) (845) + (235) (314) 

and in the third term, 
(236) (315) = (123) (365) + (235) (316). 


If the resulting five terms are grouped into those with the factor (123) 
and those without it we have 
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(123) [(124) (345) (316) (256) + (126) (365) (314) (245)] 
+ (314) (316) (235) { (124) (256) + (125) (264) + (126) (245)}. 


The expression in braces vanishes, for it is identically equal to 
(122) (456) 


by a transformation like (64). The coefficient of (123) may be 
written 


(453) (613) (562) (142) — (452) (612) (563) (143) (72) 


by a mere rearrangement. But this is the same as C456: (23) by the 
notation of Art. 6. 

Collecting the coefficients of —Sx82 we have precisely similar trans- 
formations to make, except that, in the last factor of every term, (; 
is written for Be, i.e. 1 for 2. Thus the coefficient of (123) in the result 
is 

(124) (345) (316) (156) + (126) (365) (314) (145), 


while the other terms contain the factor (121) (456) and vanish. 
By a slight rearrangement, the two above terms may be written 


(453) (613) (561) (142) — (451) (612) (563) (143) (73) 
which may be regarded as derivable from (72), symbolically, by the 
operation 1S this is the same as saying, geometrically, that a 


quadric cone through the vectors 84, 85, 8s, 8:1, and Bs is denoted by 
C4561(p, 3) = 0, and that the polar of 6; with respect to C be taken 
at 62. If the tangent plane to this cone at §;, obtained by polariza- 
tion of C, be denoted by 7'4561(1, 3) = 0, we shall naturally write (73) 
as 7'4561(12, 3). The relation between 7’ and C is most easily expressed 
by the operator V, thus 


T s561(12, 3) = SBiV’+Cas61(2’, 3), 74) 
where, as indicated by the accents, V operates on 8: alone, or, if we 


prefer, p is written for 82 before the operation. These results enable 
us to write, from (70), (cancel (123)), 


Aog (456) = SxBi-C4561(2, 3) — SxBeo- T s561 (12; 3) (75) 
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In a similar manner we may obtain any other A with double subscript 
in terms of x. Thus 


A 39 (456) = SxBi-C4561(3, 2) — SxB3- Ta561(13, 2), (76) 


where, as before, JT may be obtained from C by writing p for 83 and 
operating by —S@,V, and afterwards writing 83 for p. 

Before putting for the A’s their values in the determinant (63), it 
will be well for the sake of symmetry of form, to transform Ag: as 
follows, 


— (456) (314) (315) (316)S«B2, by (67), 

= §xB>- (314) (316)[(451) (563) — (453) (561)], identically, 
= §xBo-[(453) (613) (561) (143) — (451) (613) (563) (143)], 
= SxBo- T4561(31, 3), by (72), (77) 


(456) Acs 


where 7'4561(31, 3) denotes the result of polarizing C4561(p, 3) with 
respect to 8; and 63. It is evident that any ‘7’ which is a function of 
five vectors only can be similarly transformed. Thus 


(456) A33 = SxB3 P T '4562(12; 1) (78) 
The determinant (63) may now be written 


SxBo- T 4561(31, 3); S xB: C4561(2, 3) 
| — SxBo- T4561(12, 3) | 
SxBi- Ca561(3,  ) oe SxB3° T 4561 (135 2); S«B3- T 4562(12; 1) (79) 


whose vanishing determines that 6; shall be a double axis, and clearly 
requires that « shall lie on a quadric cone. The constant C, and its 
derived constant ‘7,’ are found at once when the six axes are assigned. 


12. A second method for obtaining a general condition for a mul- 
tiple axis is to start with (26), which, by (32), becomes 


(456) Fo(p) - ke 484C 1035 (6, p) - ksB5C 1236(4, p) + keBoC 1234(5, p). (80) 
We may make £, a double axis by so choosing /t4, ks, and kg that the 


vector VpF(p), polarized }* with respect to 64 and equated to zero, 


12 That is, forming the polar vector as in the note to Art. 11, we write 8, for p 
after the operation. The easiest way to form the polar vector in this case is 
to multiply (80) by p and operate by Sp’V. 
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yields not more than one distinct scalar equation; for this is the same 


as saying that the cubic cones (3) are either tangent at 84 or have a 
double line there. The resulting vector equation is 


V Babs: ks T 1036(4, 40) + VBaBe- ke T 1234(5, 49) + VpBs-lesC1235(6, 4) = 0. 
en 


If this is equivalent to one scalar equation, and if we put for p, in suc- 
cession, any two distinct vectors, the coefficients of V848; and of V6 485¢ 
in the two results must be in proportion. Take as the two vectors 
8; and Bs. The proportionality of the coefficients is given by the van- 
ishing of the determinant whose elements are these coefficients, viz. 


ks T 1236(4, 45) = k4C x235(6, 4), keg T y234(5, 45) 
| ks T 1036(4, 46) ’ kg T y234(5, 46) — k4C 1235(6, 4) | (82) 


whose vanishing determines that 8, shall be a double axis. As a 
verification, we may note that if we write ky = —Sx,, etc., this 
result differs from (79) only in the numbering of the axes. 


13. The two methods above given for obtaining a multiple’ axis 
depended upon applying the theory of polars to the function C of six 
vectors. The determinants (79) and (82) are, in fact, symmetrical 
functions of the five single axes, and give a general relation between k, 
the double axis, and the other five. They may be transformed in 
many ways by identities similar to those already used. It is desirable, 
however, to have a normal form for a quadratic vector with a multiple 
axis in which the tangent plane to the cones (3) at the double axis 
shall appear explicitly. This may easily be found as follows,— 
Start with the general normal form (31). Write 64 = ma + ns. 
By this substitution (PyP;Pp) becomes, with the aid of (32), 


mo(PaP;Pp) + mn(123)2 { (12p) (35p) (235) (a15) 
— (125) (3a5) (23p) (51p)} 


‘The expression in braces is quadratic in 8), Be, 83 and p. It expresses, 
by its vanishing, a quadric cone through §;, Be, 83, and 85, with the 
tangent plane at 8; given by (5ap) = 0; to prove this, take the polar 
with respect to Bs, 


(125) (35p) (235) (a15) — (125) (805) (235) (51p) 
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but this is equal to (125) (235) (351) (Sap) by the identity 
(35p) (a15) — (3a5) (51p) = (351) (Sap). 


If we therefore agree to write, in keeping with the notation already 
used, 


Ciess(sa, p) = (12p) (35p) (235) (a15) — (125) (8a5) (23p) (1p), (83) 
the writing of ma + nf; for B, gives 


(PsPsPp) = m*(PaPsPp) + mn (123)?C1235(sa, p) 
and, similarly, 
(P4P;P7) = m?(PaP3;P7) a mn (123)*C 1035(sa, 7). 


The factors (457) and (456) become m (a57) and m (a56). Hence 
the coefficient of 8. in (31) becomes 


(a57) (m(PaPsPp) + n(123)?C 1935(sa, p)| 
(a56) (m(PaP;P7) “+: n(123)?C 1035(sa, p)| 





which, if m approaches zero, approaches the limit 


(a57)C1235(sa, p) (84) 
(a56)C 1935(sa, 7) 





Expressions like the right of (83), while of geometrical significance, 
are sometimes less convenient than determinants, (or scalar products), 
like (PaP;P7). We might have kept the latter form of work by 
writing at the start, (by (23)), 


P(ma + nBs) = m*Pa + n?Ps + mnPas, (85) 
where Pa; has been written for 


Pas = i[(31a) (125) + (315) (12a)] + 7 [(12a) (235) + (125) (23a)] 
+ k [(23a) (315) + (235) (31a)] (86) 


If we attach a similar meaning to any other P with double subscript 
(i. e., the result of polarizing P(p) with respect to two vectors), the 
coefficient of Bs in (31) approaches, by the same reasoning as before, 
the limit 
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(a57) (PasPsPp) (87) 
(a56) (PasPsP2) 


The factor (Pa;P;Pp) differs from C1235(sa, p) only in the presence of a 
factor (123)?- (Cf. (32)). 

Considering the remaining terms of (31), the coefficient of a after 
the substitution of ma + nf; for 4 is 


(567) (PsPsPo) 

(a56) (PsP.6P7) 
By the aid of (85), the coefficient of 8; may be written 
n(567) (P sP 6P p) 
m(a56) (PsP6P7) 


4 [m(6a7) — n(567)] [m?(PaP.Pp) + mn(PasPePp) + n*(PsP6Pp)| 
m(a56) [m?(PaP¢P7) a mn(Pa;P6P7) aa n?(PsPs6P7)| 











which, if we let m approach zero, approaches the limit 


(567) [(PsPePp) (PasPsP:) — (PsPsP:) (PasPsPp)] + (607) (PsPsP:) (PsPsPp) 
(a56) (PsPeP2)? 








a result rendered more compact by the identity 
(PsPsPp) (PasPeP:) — (PsPePz) (PasPePp) = (PsPPas) (PsP:Pp) 


Collecting results, we find that as m approaches zero, (31) approaches 
the limiting form 


k7a(567) (PsP6Pp) 
(056) (PsPeP2) 
re k7B5| (567) (P sP6Pas) (PsP7Pp) + (6a7) (PsP6P 7) (PsP6P p)] 
(a56) (PsP¢P7)? 
4. ’Bo(057) (PasPsPop) 
(a56) (PasPsP:) ” 





(88) 


a normal form for a quadratic vector having the vectors 8), Be, Bs, 
Bs, and 67 as ordinary axes, but 6; a double axis, the cones (3) being 
tangent to the plane (a5p) = 0 along the vector 6;. We may, if we 
wish, verify directly by polarization that VpF'p = 0 gives at most one 
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scalar equation when operated on by Sp’V, if p = B;. The cones (3) 
do not, in general, have a double line at B;. When, however, we 
choose one axis of codrdinates along 65, at least one of these cones 
passes twice through the double axis. 


14. A fourth method for multiple axes, while in some respects less 
convenient, in that the tangent plane to (3) at the double axis is less 
explicitly contained in the result, brings the present discussion into 
close relation to the theory of point transformations; — instead of 
(23) take 


Q(p) = i(12p)? + 7(12p) (2a’p) + k(2a’p) (a’1p) (89) 


This vector evidently has 6; for an axis. By polarization, it is obvious 
that it has 8» for a double axis, with the plane (2a’p) = 0 tangent to 
the cones (3) or meeting them twice at 62. If, therefore, we replace 
P by Q in the normal form (31) we shall have 84, 84, Bs, Bs, and B7 as 
single axes, B2 as a double axis, and (2a’p) = 0 the tangent plane to 
(3) at B2. Furthermore, the result will be the most general quadratic 
vector satisfying these conditions, aside from an additive term pSép, 
for it can otherwise differ from (88) only in the numbering of the axes. 
Any vector with a multiple axis differs from another with the same 
multiple axis only in the direction of the tangent plane to (3) at that 
axis, a multiplicative constant, and the term pSép; provided the five 
single axes also coincide. 


15. These methods for multiple axes may be employed simul- 
taneously to obtain two, or three, distinct double axes. Thus to 
form a vector having §;, 6¢, and B; for single axes, 62 and 6; for double 
axes, we have only to write Q instead of P in (88). The vector a may, 
in (89), be the same vector as in (88), i. e., it may be the line of inter- 
section of the tangent planes to the cones (3) at B2 and 8;, — with the 
obvious restriction that this line does not itself coincide with an axis. 
In general we may, if we wish, take a and a’ any two vectors such 
that, with the five axes, no six vectors lie on a quadric cone. 

More symmetrically, let the vector have 61, 82, 83, for single axes, 
and two other double axes. By writing 6; = ma + ne, in (88) and 
letting ™ approach zero we easily find 


a(P;P.Pas) (P;P¢Pag) (P5P.Pp) + Bs(P5P¢6Pas)’ (P¢PagPp) 
+ Bo( PsP 6Pas)* (PasPsPp), (90) 
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as a normal form for a quadratic vector with two double axes, 8; and 
Bs, Which may be renumbered at our convenience. The vector ais here 
the line of intersection of the tangent planes to (3) at the double axes. 

The symmetrical form (90) is possible only when the three similar 
axes are not In the same plane. If they are coplanar, some of the 
methods previously described may be used instead, e. g., the function 
() may be used.?8 

lor three double axes we might write Q for P in this last result, it 
being now necessary to take, in general, a distinct from the a’ of (89). 
For a symmetrical formula, however, we shall best return to (61), 
and impose upon the nine A’s conditions that 61, Be, B3 shall all be 
double axes, viz. that the determinant (63) shall vanish together with 
two others obtained by advancing subscripts. If we wish the single 
axis to appear explicitly, we shall most easily begin with the general 
normal form (31), writing 17,84 -+ 7,8; instead of B4, mB; + noBeo 
instead of B;, and m3, + 7:83 instead of Bs. As mi, me, and mg ap- 
proach zero we have the limit 


81(237) (PasPsePp) , B2(317) (PssPisPe)  Bx(127) (PrsPasPe) (1) 


a 


(123) (Pe5P36P7) (123) (PseP14P7) (123) (PisPo5P7) 


as a normal form for a quadratic vector having (§;, 82, 83, for double 
axes, 6; for a single axis, and the planes (14p) = 0, (25p) = 0, and 





13 As a simple example leading to a vector of the type (91), let it be required 

to investigate whether the equations 

dx dy dz 

a) 
can be integrated by quadratures. The integration depends upon that of 
the partial differential equation SFpyu = 0 where 

Fp = ixy + jyz + ker 

and hence upon 

SpdpF'p = 0. 
We easily find that ¢, J, and & are double axes of Fp and that i +7 + k is the 
single axis. The tangent planes to (3) at 7,7, and & are found by taking polars 
of VpFp thus,— 

Sp’V-VpFp = hubs + Voli(r’y + ry’) +i(y’z + yz’) + k(e'x + 22'))] = 
which, putting p = yy =z = 0, x = 1, gives the single scalar equation z’ = 0. 
Similarly we have x’ = 0 and 2 y’= 0 at. j and k, respectively. Thus the vector 
Fp is a limiting form of a type having three sets of coplanar axes, in the three 
coérdinate planes, the sets not possessing an axis common to all. Hence the 
equation is not reducible to quadratures by any known process, (Cf. note to 
Art. 6), nor even to a Riccati equation. 
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(36) = 0, the tangent planes to the cones (3) at the double axes. 
Any other vector having the same axes and the same tangent planes 
can differ from the above at most by a multiplicative constant and an 
additive term pSép. 

With regard to the case of three double axes (91) gives the most 
general form of such a quadratic vector. For, by its method of deri- 
vation, it is always possible whenever the three double axes are not 
coplanar. But no irreducible vector can have three distinct multiple 
axes in the same plane: a fact we would perhaps guess from the 
stand-point of Art. 3, if the same ideas apply to vectors with multiple 
axes; for the plane of the three double axes, taken twice, would con- 
stitute a quadric cone. It is more conclusive to prove directly. The 
following method of attack is, moreover, applicable to a variety of 
cases. 

Let two axes of a quadratic vecter be 6; and Bs. Let 83; be some 
third vector, not necessarily an axis, but such that (123) does not 
vanish. Leta suitable term pSép be added to the vector so as to make 
zeros of 8; and Bs, (by two equations like (8)). With the notation (9), 
the resulting vector can have no terms in 2,’ or in x2”, but may have 
terms in 23”. If we now expand as in (61), writing B,, Bo, and Bs, for 
the coefficients of 23”, we shall have 


Bi(A y:aeag + A yoagary + A 338322 + By2z3") 
+ Bo(Aoiaeag + Aoowsx, + Aosaite + Bows”) 
+ B3( A 3:2°%0a"3 + Asoasai + Aggaix%2 + B33"). (92) 
This is evidently a form to which any quadratic vector with two known 
axes can be reduced with ease. 

The necessary and sufficient conditions that this vector possess a 


third axis coplanar with £; and B2, but distinct, are 
A33 = 0, A i3 not Zero, Ao3 not zero. (93) 


For directions in the plane of 8; and f2, but not along (; nor 2, are 
given by 
x3 = 0, x, not zero, 22 not zero (94) 


If x3 = 0, and (92) lies in the plane of 6; and 82, we must thus have 
necessarily A33; = 0. The direction of (92) is then 


B1A13 + B2Ao3. (95) 
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which is therefore an axis; coinciding with 8; or 82 if either Ai3 or Aes 
vanish. Therefore conditions (93) are both necessary and sufficient. 

To introduce double axes we now form the polar vector of Vp Fp by 
operating with Sp’V or its equivalent, yielding 


Vp’ B,(A 11% 903 + Ayorsary + Aj3a 1X2 + B23") 
+ Bo(A2i202'3 + Aooagay + Aosa1Xe + Box3") 
+ B3(Asiteas + Azea3a, + + B32;*) } 


ot. Vp {B3[A11(a’ oars + tox’3) +. Ajo(a’3a1 + 23x’) + A(x’ 1x2 + 22's) 


+ 2 Bix’ 323] 
+ Bo[Aoi(2x’o23 + aoat’s) + Aoo(2x'321 + aga’s) + Ao3(a" 122 + 2y2'o) 
+ 2Box’szxs] 


+ B3[As1(a' oars + aox’s) + A30(a'sa1 + 23x") + 
+ 2B3x' 323}. (96) 


That a direction p shall be a double axis is the same as saying that the 
polar vector equated to zero shall yield at most one scalar equation. 
At B; we have x2 = 23 = O, leading to the vanishing of the determinant 
(63), independently of the B’s. But this leads to Azz. = 0, because Ao3 
is not zero, while A33 vanishes. .In a similar manner we have A3; = 0. 
That is, all three A’s of the third line of (92) are zero. 

To make the direction 61413 + $2Ao3 a double axis, we write, in the 
polar vector, p = 81A13 + B2Ao3, %1 = Ais, ®2 = Ao3s, 73 = 0. We 
have also p’ = 8,2’; + Bor’s + B3x’3. Substituting these values and 
dropping accents we must have 


V {ByA13 + BoAos} {B:[AuAosas + Ay2A1sv3 + A13(Aogt1 + Aisve)] 
+ Bo| AoA o30°3 + AoA 3x3 + Ao3(Ao3%1 + A322) | 
+ V{Bia1 + Bore + Bsxz} {81A13?A03 + BeAisAo3?} = 0 (97) 


equivalent to a single scalar equation in p. The coefficient of V638; 
is 23A132Ao3, so that if neither Ai3 nor Ao3 vanish the required scalar 
equation must be 23 = 0. This is the same as saying that the tan- 
gent plane to the cones (3) at the required axis must be the plane of 61 
and $2, (in so far as these cones do not possess double lines there). 
The coefficient of V6283 yields nothing new. In the coefficient of 
VB1B2, on the other hand, we have terms in x3 together with 


A 13A93(A o3t1 — A 1302). (98) 


That the coefficient of V8,82 shall be a multiple of a3 is thus impossible. 
This completes the proof. 
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16. From the foregoing results on double axes it appears that 
any quadratic vector having less than seven distinct axes but no triple 
axis may be written in one of the three following normal forms,— 

(a) If there is but one double axis, write Q for P in (31). The 
tangent plane to (3) at the double axis can pass, at most, through one 
of the single axes. Any other single axis may be taken as a zero of 
Q(p). The remaining four single axes cannot all lie in the same plane. 
Any three which are diplanar may be numbered 4, 5, and 6, to cor- 
respond with (31). 

(b) If there are just two double axes, write Q for P in (88). Choose 
either double axis to be a zero of Q. The tangent plane to (3) at this 
double axis can pass at most through one of the single axes. Choose 
either of the other single axes to be the second zero of Q(p). At the 
double axis not already taken, the tangent plane to (3) can pass, at 
most, through one of the two remaining single axes. The one through 
which it passes, (if either), must be taken as 8;. Otherwise, the choice 
of numbering is arbitrary. 

(c) If there are three double axes, (91) is always possible. 


17. It remains to consider vectors with less than six distinct axes, 
one of which is of multiplicity three or greater. For triple axes we 
have at our disposal a variety of methods, analogous to those used 
above for double axes. We may, for example, assign a relation to 
connect the constants A of (21) in order that 6; may be a triple axis. 

It may well happen that all four elements of the determinant (63) 
are zero. If so, the cones (3) all have a double line at 8, which is 
consequently a quadruple axis. I shall assume, for the present, that 
such is not the case. 

This possibility excluded, the cubic cone 


SrApFp = 0, (99) 


where \ is a constant vector, (so that SApF'p is linearly related to the 
left members of (3)), will not have a double line at ; for all values of 
\. To say that f; is a triple axis of Fp is therefore equivalent to 
saying that all cones obtained by varying X, exclusive of those with 
double lines at §;, will osculate along 6;. Or again, all these cones 
give the same curvature for normal sections at any point on an ele- 
ment 6;. The most direct way to express this condition is to say that 
dv is independent of A, where v is a vector of unit length normal to 
the cones at a point on an element §, and dp is any vector in the 
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tangent plane. If dp is parallel to p, dv vanishes, because we are 
dealing with cones; it is sufficient, therefore, to consider any other 
one direction of dp in the tangent plane, preferably the direction V pr, 
the direction of maximum curvature. If we write dv = xdp, Voy is 
an axis of the linear vector function x, and xVpv = gVpv, where g 
is the maximum curvature of a normal section of the cone.4* But this 
curvature is equal to the “divergence ” of the unit vector v at the 
point on the cone. For, by definition of divergence, 


div vy = — SVv = — Svxv — Suxu — Sexe, (100) 


where uw and ¢ are unit vectors along p and Vopr, respectively. But 
Svxv vanishes, because the differential of a unit vector is always 
perpendicular to the unit vector itself. And xu vanishes because we 
deal with cones. As above, xe = ge, giving, (because & = — 1), 


g = — SV» (101) 


The necessary and sufficient conditions for a triple axis may ac- 
cordingly be stated: if 8 is a triple axis of Fp, a unit vector normal to 
the cone (99) and its divergence have at most one determinate 
direction and one determinate numerical value, respectively, inde- 
pendent of X. 


18. The direction of the normal is found by operating with V on 
SrpF'p. If we put, for convenience 


a = VS\pF p (102) 
so that 
o ' 
y= Ts (103) 
we have, from (101), 
ps ~— oF ( - ) 
l'o 
SVo . SoVTo 
To To 
1s = ~ Sago (104) 
[°o 


—s 


14 For a more detailed examination of x, see Phil. Mag., June, 1902, p. 576, 
and Feb., 1908, p. 187. 
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because V7o = ¢’v, when do = ¢dp.*° The numerator of (104) may 
be written in a number of remarkable forms. It is, for example, 
the Hessian of the ternary form SdpFp, multiplied by a factor inde- 
pendent of Fp. This follows from the fact that H is Hamilton’s 
m-invariant for the function ¢; that is, if 2, 7, k, are ANY three 
diplanar vectors, 





Sdidjok . 
OT on 10 
Sijk (105) 


Choose, as three convenient vectors, p, ¢, and Vpo. Then 





SdpdoV po 
— 106 
Spa V po oe 
By a well-known expansion 1° we have 
oVpo = — SVa-Vpo — Vdpo — Voda (107) 


If we write this value for ¢Vpc, and multiply out, remembering that 
dp is parallel to o because we deal with homogeneous functions, while 
Spo vanishes on the cone, we have H equal to the numerator of (104) 
aside from a factor which is a constant multiple of p’. 

More important for our present purpose than this connection with 
the Hessian, is the fact that the numerator of (104) can be obtained 
by differential operations performed directly upon the vector VpFp. 
For, taking the first term of this numerator, 


SVo = V’Sr\pFp = SAV F p, (108) 


because V? is a scalar and commutative. As to the second term of 
the same numerator, 


Soda = — o*Svov, identically. (109) 


If we let 7 be the direction of v at the point on the cone, we have 

15 Proof: dT?e = — do? = — 2Sada = — 2Sa¢dp. Hence V7"c = 2¢’c = 
2ToVTo, and, dividing by 27'c, we have VTa = ¢'Uc = ¢’v. 

16 Hamilton, Elements of Quaternions, Art. 350. Hamilton’s m’’ is the same 
as —SVo, and ¢ is self-conjugate. 
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— Syoy = — Svov = ©” ShoFo, 
dh, 


the second derivative of the ternary form SdpFp along the normal, 
more conveniently written S*yV-SdpFp. By the commutative 
property of S*vyV we thus have 


Sogo = o°Sr\S*yV- pF p, (111) 


These results substituted in (104) give, as the greatest curvature of a 
‘ normal section of the cone at a point where the normal is in the 


direction y, 





73 .. 2 
ga — = all (112) 


where the factor y* is introduced for homogeneity, in order that vy 
need not be a unit vector. This new numerator thus defines a differ- 


ential operation upon V pFp. 

We may now introduce the conditions for a triple axis. First, a is, 
in direction, independent of A, hence is of the form ySnA, when 8, 
the axis, is written for p. Therefore 


To = TySn), (114) 


and, in order that \ may cancel from the expression for g, it is necessary 
and sufficient that 
(y?V? — S*yV)V pF p 


shall be parallel to 7 when 8 is put for p after the differentiation. 

But this condition may be still further simplified. Let a be the 
direction which Vpy takes when 8 is written for p, so that a, 6, and 
y form a rectangular system. Therefore, if they are taken of unit 
length, 

Vv? = —SaV — S*8BV — S*4YV 


while S*6V vanishes if 6 be put for p after the differentiation, because 
8 isan axis. This gives 


V2 — SYV = +SaV, 
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when applied to VpFp at a point on the element 8. Now if 
dFp = P(p, dp), 


S°aV-VpFp = SaV-|VaFp + Vp®(a, p)| 
= 2VaP(a, p) + 2VpFa, 


and writing 8 for p, we have twice the vector 
VaP(a, 8) + VBFa (114) 


which is the polar vector of VpFp with regard to a at B. 

Returning now to the direction 7, this is the direction which the 
polar vector of VpFp takes at 8, and is perpendicular to 6. Also, 
®(a, 8) is parallel to@. If we agree to write 


n= VBr, S*aV-VpFp = VBr, (115), 


8 being put for p after the differentiation, the parallelism of these two 
vectors is expressed by 


VVBrVBr = 0 
which, by a simple expansion, reduces to 
SBrr = 0, (116) 


which is both necessary and sufficient that g shall be independent of X. 
We may sum up the foregoing investigation of triple axes in the rule:— 
Let the polar vector of VpFp be Vp’Fp + Vp®(p’, p). If 6 is a double 
axis, and 6 be written for p, the polar vector takes the form Syp’V Br; 
while if a be written for p and £ for p’, the polar vector takes the form 
VBr. The necessary and sufficient condition for 8 to be a triple axis 
is SBrr = (), 


19. It now becomes a simple matter to apply this rule to (61). If 
8, be a double axis, we have, as already shown, Ao2A33 — A23A32 = 0. 
If 8; be written for p, the polar vector, by (62), becomes 


VBiB2(Asoxs + Aoszae) + VBiB3(A 303 + AssX2) (117) 
The normal direction is thus the normal to the plane determined by 


Aooa3 + Aogt2 = Agoaz + A 3322 = 0 (118) 
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By (9) these equations are equivalent to 
A22SBiBop + Ao3SB3Bip = Az2SBiB2p + A33S838i1p = 0 (119) 


Let y and #, be supposed unit vectors; and let c2 and c3 be two con- 
stants defined by 


Ao2VBiB2 + Ao3V B38; = cry, As2V 8182 + A33V 8381 = esy (120) 
The equations which determine the tangent plane then become 
coSyp = c3Syp = O (121) 


and the polar vector for B; becomes, by (117), 


VBi(e2B2 + ¢383)Syp (122) 
The required vector 7 is thus given by 
T = CoBo + 6383 (123) 


The direction of a is VByy, which is certainly determined by 
c'9VBi(A22V BiB: + Ao3VB381) + ¢’3VBi(As2VBiB2 + As3VB381), (124) 


since, under the present hypothesis, the four A’s are not all zero; 
co and c3! being any two new constants such that (124) does not vanish. 

To find 7 we have, by the rule, to write 8; for p, (instead of for p’), 
in the polar vector, which then becomes 


VBiFp + VpBy(Aisazg + Aiste) + Vpe(eoB2 + ¢383)Syp (125) 


On writing a for p, Syp vanishes; and the remaining terms are at right 
angles to 6;. It is therefore obvious that, in (124), we may neglect 
any component along 8;. Multiplying out, (124) gives 


(B,° — BiSB1)[(e’2A 2% + c’3A32)Be = (c’sAo3 + cA 33) 83] (126) 


By dropping the component along §;, we see that we may use, instead 
of the true value of a, the simpler vector 


(c’2Ao2 + c'3A32)B2 — (e’2do3 + €’3A33)B3 (127) 


The required vector 7 is the result of writing the above vector for p in 
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Fp nm p(A 12.03 oe A 1322), (128) 









namely, the vector into which 8; is multiplied in (125), Syp vanishing. 
By (9), the substitution of p for (127) is equivalent to 























y= 0, 2x2 = c'2Ao + c'3Ago, 23 = — C'2A03 — €'3A33. (129) 
This gives, for Fa, 


Fa = — (c’2Ao2 + c’3A32) (c’2A03 + €'3A33) (AoiB2 + Asi8s), 


ee ee re he - ~~ 


neglecting the 6; component. Substituting values in (128), and col- 
lecting coefficients, the condition S8\r7r = 0 may be arranged as 


e' 2? {c2(Ao3?A 12 — A23A13A02 + A31A22A23) aes €3(A22"A 13 — A22A12Ao3 
+ A21A22A23)} 
+'2c’s{c2(A22A33 + Ao3A32) (+ Az3i— A 13) + 2A03A12Ao3 } 
—03(A22A33 + Ao3A32) (+ Ao aad A:) + 2A22A32A13} 
+’3?{c2(A337A 12 — A33A13A32 + AgiA 32A 33) = 3(A 397A 13 — A32A12A33 
+ A21A32A33)} == (), (130) 


The three expressions in braces are easily seen to be equivalent, when 
none of the four elements of (63) are zero, in virtue of the equations 


co _ Az _ Ass (131) 


C3 A 32 A 33 





In any case, all three expressions in braces must vanish, since the 

choice of constants c’s and ce’; is arbitrary. 
Considering various cases that may arise, the vanishing of any one 

of the four elements of (63) entails the vanishing of one of the con- 

stants C2 or ¢3, provided the vector Fp is not reducible. For example, 

suppose A3; = 0. The vanishing of (63) entails As3d43.= 0. If 

Ao; = O, the vanishing of the third line of (130) gives Ai3 = 0 and Fp 

is reducible; whence we have A32 = 0 and so c3 = 0. Similarly we 

may show that the vanishing of either A32, Ase, or Ao3, entails the 

vanishing of one of the constants ¢2 or c3. Accordingly we have only 

three possibilities,— 
(a). Neither co nor c3 is zero. The three expressions in braces are 

equivalent. 
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(b) ce = 0, that is, Aox = Aoz3 = 0. The first and second expres- 
sions in braces vanish of themselves. The third gives 


A32(A32A13 —A 12A 33 + A21A33) = 0. (132) 


(c) c3 = 0, that is A32 = A33 = 0. The second and third expres- 
sions in braces vanish of themselves. The first gives 


Ao3(A23A12 — Ai3A22 + AziA22) = 0. (133) 


There are no other possible cases for irreducible quadratic vectors, 
these conditions are, then, necessary and sufficient for a triple axis . 
In subcases (b) and (¢), the meaning of the condition is, geometrically, 
as follows: let VpFp = 0 define three cubic cones by separation into 
components along V6182, V6283, and V636;. - The second of these 
always has a double line at 6;. If co = 0, the first also has 8, for a 
double line. The condition (132) then requires than the tangent 
plane to the third cone shall touch one sheet of the first. It is easy to 
show that it also touches one sheet of the second, whence a triple axis. 
We have a similar meaning for (133). 


20. We may note in passing that the rule developed in Art. 18 
for detecting double and triple axes is applicable to vectors of any 
degree,— with, however, one important modification. In the quad- 
ratic case, S*aVV pF p can be obtained from the polar vector. When 
Fp is of higher degree the rule may read: 


GENERAL RULE FOR DOUBLE AND TRIPLE AXES OF VECTORS. 


If B is a double axis of a vector Fp, (homogeneous in p), the derived 
vector Sp’V-VpFp takes the form Syp’V 82 when 8 is written for p 
after the differentiation; and the second derived vector S*ByV-V pF p 
takes the form V87r when @ is written for p after the differentiation. 
The axis 8 is of multiplicity higher than two if (and only if) S8rr = 0. 

These two formal conditions may be combined in one vector equa- 
tion as follows. Let dp and dp be two independent differentials of p. 
The vector 

V(6V pF p) (PV pF p) (134) 


must vanish if, after the differentiation, 8 is written for p, and dp is 
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any vector perpendicular to VSpFpép, (i. e. dp is any vector tangent 
to the cones (3)). The vanishing is independent of the value of dp, 
corresponding to the arbitrary constants of (130). 

The reader familiar with Hamilton’s theory of linear vectors will 
perceive the condition for a double axis to be identical with the condi- 
tion that the vector function VSéppFp, linear in 6p, shall have two roots 
of its symbolic cubic equal to zero. 


21. ‘To obtain a normal form for a quadratic vector having B; 
as a triple axis, we may apply the method of limits to (31). Let 
8, be replaced by mB; + nB, and let n approach zero. In the limit 
we obtain, somewhat after the manner of (91), 


P h(567) (P;P6Pp) A617) (PsP1:Pp) h(157) (PisPsPp) 
(156) (P;P6P:) ” (156) (P6P14P7) ‘ (156) (Py4PsP7) 


(135) 


This vector has 6; for a double axis, with the tangent plane to the 
cones (3) that of 8; and By. We may now cause §; to approach 8, as 
a limit by writing, instead of B;, the vector 8B; + 28, + c2’B7, and at 
the same time putting Az for h. The constant c is arbitrary except 
as noted below. When 2 approaches zero, the vector (135) approaches 
the limit 


h(PsP¢Pp) a h(614) (PePisPp) 
'(PsPsPus) | |” (156) (PsP Pa + cPay)) 
h(154) (Pi,P5Pp) 
+ Be ane > yp 
(156) (PisPs[Pst+ePi7] 


B 


(136) 


which may be taken as the required normal form. With regard to 
the denominators of the second and third terms, the cone 


(PoPisPs) + c(PpPisPiz) = 0 (137) 


passes through the axes §;, 82, and 63, with tangent plane at @; the 
plane of 6; and $4, and with principal curvature determined by the 
constant c. If the left of (137) be abbreviated Dp, the denominators 
of the terms in question become, respectively, (156) De and —(156)D;. 
These denominators do not vanish, therefore, so long as the cone 
(137) does not contain as elements either 8; or 8s. But this cone is 
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an osculating cone to the cones (3) at the element 8), and will there- 
fore not contain 8; or Bs so long as the quadratic vector Fp is not 
reducible. 

As a verification, the test for a triple axis may be applied to the vec- 
tor (136) by the rule of Art. 18. The polar vector of VpFp is 


(PsPePpp’) 


(614) (Pe6PisP pp’) 
or . ee 
(PsP¢6P 14) 


m ; 154) (PisPsPpp’ 


(156) De —(156)D; 
+ Vp'Fp, 





V pB 


where Fp has the form (136). Writing (6; for p, the first and fourth 
terms vanish. To evaluate the other terms note that, by (86), 


VP y4P ip = (123) (41p), (138) 
whence, by (23), 
(PsPuPip) = (316) (126) (123)? (41p), 
(PusPsPip) = — (815) (125) (123)? (41p). (139) 


The vector 7, that is the vector coefficient of 8, is thus 


(614) (316) (126) g, (154) (315) (125) 


(140 
(156) De (156)D; —_ 


| 


common factors of the two terms being dropped. Writing a for p 
and @; for p’ in the polar vector, the result is 
. (614) (PsP isPs) Pe (154) (PusPsP4) , 
J V J as 141) 
BsBi + V BBs (156)De + VBiBe (156)Ds ( 
which is V8,r. The scalar product of (141) and (140) must vanish. 
This verifies at once, by actual multiplication, the denominators 
being transformed as in (138), so that 


D; = (PsP i4Ps) + c(315) (125) (123) (417), 


The determinant Szf,7 then vanishes identically, and the test is 
‘completed. 

Any irreducible quadratic vector, having (; a triple axis, and four 
other distinct axes, may be thrown into the form (136). For the only 
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limitation is that neither determinant (123) nor (156) shall vanish. 
We can evidently number the four single axes in pairs so that this 
restriction is not violated, for we may not have four distinct axes in 
one plane. 


22. If, besides having {; as a triple axis, Fp has also a double axis, 
the number of possible ways of writing the vector is very large, 
whether we apply the method of limits, or introduce the vector Qp 
as in the previous discussion of double axes. As the chief question 
considered in the present paper is the existence of the various types 
such that Fp is not reducible, it will be sufficient to note that we may 
write, for one triple and one double axis, 
M(PasPoPo) 4g, MOM) (PsPuPo) 4g, _W(24) (PuPasPo) _ 
(PosPeP14) (126)D¢ (126) (PisPo5|Pa+cPir)) 

(143 





B; 





§ sooo 


obtained from (136) by putting mB2 + n§; instead of B; and letting n 
approach zero. Similarly, for a vector with a triple axis and two 
double axes, we may take, 


h( P25P36Pp) 


h(314) (Ps6PisPp) + Bo h(124) (PisP25Pp) 
(Pos Pa6P 1s) 


144 
(123)Dae (123)D,,  ° “4 





+ Be 


obtained from (143) by writing m83 + nfs instead of 6, and letting 
n approach zero. In keeping with the notation already employed, 
we take D;p = 0 as the polar plane with respect to the cone (137) of 
the vector B;, 1. e. 


Dsp = (PspP14Ps) + e[(315) (12p) + (31p) (125)] (123) (417) 


with a similar meaning for Dep. Whence we obtain Dos and Dg by 
writing B2 and £3, respectively, for p. 

From their method of derivation, (143) and (144) are the most 
general vectors of their types. Moreover, (144) is always possible, 
because the only restriction is that the determinant (123) shall not 
vanish. But it was shown in Art. 15 that three multiple axes can- 
not lie in the same plane, i. e. (123) cannot vanish so long as Fp is 
irreducible. 

The same cannot be said with regard to the above vector (143) 
because the determinants (123) and (126) must both be different 
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from zero. It may well happen that the triple axis, the double axis, 
and one of the single axes are in the same plane. 

This special case, while it cannot be written in the form (143), is 
easily studied by the methods of Art. (19). Assume 6; for the 
triple axis, B2 for the double axis, 83; and $8, for the single axes. 
We cannot have both 63 and 6, coplanar with 6; and 62. Suppose 6, 
coplanar with the two multiple axes. Then (123) cannot vanish if 
Fp is irreducible. Let the vector be thrown into the form (61). The 
conditions that 64 be coplanar with 6; and (2 but distinct are given 
by (93). We have therefore case (c) of Art. 19. Moreover the condi- 
tion that B2 be a double axis becomes A;3; = 0. This, together with 
(93) and (133) yield, as necessary and sufficient for the present case 

As = A3z2 = A33 = AoA 12 — Aj3A22 = 0; Au and Ag not 146 
both zero; with As2, Aoz, Ay, and Aj; all different from zero. (146) 


We thus have 64 = A138: + A382, and may write 
aea3( A181 + A282) + (8, + bB2) (A joa32y + Aj3%1%2), (147) 


(where 5 is a constant different from zero), as a normal form for a 
quadratic vector having a triple, a double, and a single axis in the 
same plane, and one other axis. As perhaps the simplest example of 
this case we may put 6; = 2, B2 = j, B83 = k, Ay = 0, and the remain- 
ing constants equal to unity. The equation (147) then becomes 


u(zx + ay) + j(yz + 2x + xy) (148) 
The cones (3) become 


(a) ax(y + 2) = 0, 
(b) 2(yz+ 2x+ ay) = 0, (149) 
(c) x(za+ ay — y’) = 0. 


The axes are (1, 0,0), (0,1, 0), (0,0, 1) and (1,1, 0). The quadrics 
(yz + zx + xy) = O and (zr + ay — y*) = 0 pass through the vector 
(1,0,0) and have the same tangent plane there, viz. y + z= 0. 
Therefore (c) meets both (a) and (b) three times in the element 7. 
This element is a double line for both (a) and (b). Hence it is a 
triple axis. At j = Be, or (0, 1, 0), we have also a double line for (a) 


and for (b); giving a double axis. The axes i, j, and i + j are co- 
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planar. The left members of (149) have no common factor. Thus 
all the conditions are satisfied for the case in question. 


23. The case of a vector having two triple axes is of particular 
interest as affording the first example of a quadratic vector which 
cannot always be written in the form (61). For the triple axes and the 
single axis may be coplanar. To build up this type, we may write, 
as in (89), 


Q(p) = 2(12p)? + 7(12p) (28p) + k(28p) (31), (150) 


giving B2 a double axis, the tangent to (3) at Be being (23p) = 0. Put 
© for P in (88), with a = By. This gives, dropping the constant ky, 





3 (567) (Q5Q6Qp) 4 B5(567) (QsQ6Qs5) (QcQ7Qp ) + (647) (QsQ6Q7) (Q;Q6Qp) 
(456) (QsQeQz) (456) (QsQcQz)? 
: (457) (Q4sQsQp) 
™ (456) (Q4sQsQz) _ 


which is of a type previously considered, viz. it is an example of the 
most general quadratic vector having two double axes. The tangent 
to (3) at Bs is (45p) = 0. The single axes are 8;, Bg and B7. Let 
8B, be replaced by B2 + t@3 + af*Bs, and let t approach zero. Qs 
takes the form Q2 + tQe3 + #(Q3 + aQo6) plus terms containing higher 
powers of t. But Qe and Qo3 vanish identically. Also 


so that the determinants, (or scalar products), (Q;Q3Qp) and (QsQeeQp) 
give on expanding 


(QsQsQp) = (123)?(235) (28p) (15p), (153) 
(QsQeeQe) = (123)?(236) (125) (12p) (52p) (154) 


We have now merely to write Q3 + aQee¢ instead of Qs in (151). The 
first term of (151) becomes 
(527)[(123) (235) (23p) (15p) 4- a(236) (125) (12p) (52p)] 
* (452)[(123) (235) (237) (157) + a(236) (125) (127) (527)] 
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which by a notation in keeping with that already used may be abbrevi- 
ated 

029 | Di °p 

"(4 D2) hb, 


where E*p denotes a quadratic form whose vanishing defines the cone 
through 8, and #;, having its curvature at 6» determined by the 
constant a. We now have for the limiting value of (151), 


_ 2 7) E*p S20 *s5h"p + (247) JE 7E°p 4B (457) (Q45Q sp) 
* (4: 52) E*, (452) (£°;)* (452 ) (QasQsQz) 
(155) 


where, in the second term, E%p contains £7 instead of B;. This vec- 
tor is also of a type previously examined, viz. it has one triple and 
one double axis. If the determinant (527) = 0 it becomes a bi- 
nomial, in agreement with the vector (147). We have now to write 
(85 + tB, + #bB:) instead of 8; and let ¢ approach zero. When ¢ 
approaches zero we have 





" ) ant ast e 2 2 — 
Lim Ep < — + a(236) (4: ae (156) 
Kk, = (235)? : 5 (457) + a(236) (425) (527)* 


44 


the numerator being a quadric which vanishes on a cone through 
83; and B2 with tangent planes at those elements respectively (45p) = 
and (239) = 0, and having the constant a arbitrary. 
Again, /£"p does not vanish in the limit, but becomes 
(523) (237) (23p) (57p) + a(236) (527) (52p) (72p), 
obtained by writing 7 for 5 and 5 for | in £%p. 
Now £4; may be expanded as 


E4, = (123) (235)2(154) + a(236) (125)2(524), 


and on writing for 6; its new value we have terms containing the square 
and higher powers of ¢t. We thus find 


43 _ (523) (2385)?(154) + a(236) (425) (524) 
(k°) pai )2(237) (457) + a(236) (425) (527)? 


Lam 


Considering finally the third term of (155), if we expand and sim- 


plify (QasQsQp) we have 
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(Q45QsQpe) = (123)? [(21p) (25p) (235) (154) — (23p) (15p) (125) —, 
1 


whence, writing for 6; its value and taking the limit, 


.  (QssQsQp) _ (23p) (45p) (245)? + b(25p)?(235) (145) , 
a QusQeQ:) ~ (287) (457) (245) + bO57"@35) (145) 





This result is, in form, like (156), but the constants a and 6 have 

different meaning; being, respectively, parameters whose vanishing 

causes the cones (3) to have inflectional elements at B2 and #3. 
Collecting results, we have as the limiting form of (155), 


[84(527) + Bs(247)} {(235)?(23p) 45p) + a(236) (425) (52p)?} 
(235)2(237) (457) + a(236) (425) (527)? 
4 B2{(23p) (45p) (245)? + b(25p)?(235) (145) } (457) 
(237) (457) (245)? + b(257)3(235) (145) 
(527) {b(523) (235)2(154) + a(236) (425)?(524)} 
_{(623) (237) (23p) (57p) + a(236) (527) (52p) (72p)} 


— Bs ~~" 935)2(237)(457) + a(236) (425) (527)?}2 











(159) 


which is the most general form of quadratic vector with two triple 
axes. It is always possible; for the only limitation on the seven vec- 
tors is that the determinant (452) shall not vanish, it being always 
assumed that the vector is irreducible. Now we may choose either 
triple axis as 85, with the tangent plane to (3) given by (45p) = 0. If 
this should pass through 82 we have merely to choose {2 instead of 8;; 
for the tangent at 8; cannot also be tangent at Bo, the vector being 
irreducible. 

If the three axes are coplanar, the determinant (257) vanishes, 
and the vector as above written becomes a binomial. 


As a simple special case, let 1 = Bo, 7 = Bs, and 2+ 7 = Br. 


Take k = 8B; = 64, making the tangent planes to (3) at 2 and 7 respec- 
tively y = Oand z= 0. We cannot have both a and b zero, as this 
would give inflectional elements at both 2 and 7 and the vector would 
become reducible. Take a = 0, giving the cones (3) three common 
points in the plane y = Oat7i. Then fg, disappears from the formula. 
Leaving b arbitrary, with 8; = 7, and noting that all the three-row 
determinants are either +1 or —1, we easily find 





~~ 











oe a oe 








QUADRATIC VECTORS. 419 


jey — 1 (xy + 62’), (160) 
as the value of (159). The cones (3) become 


(a) z(xy + bz”) = 0, 
(b) 2yz = OQ, (161) 
(c) y(a?— zy — bz?) = 0. 


The tangent plane to the quadric cone whose equation is xy + bz? = 0 
is, at the element 2, the codrdinate plane y = 0. The cones (a) and 
(b) both have z for a double element. Thus the cone (c), which at 
the element 7 consists of the plane sheet y = 0, has three coincident 
elements in common with the other cones (b) and (c). That is, 7 is 
a triple axis of (160). 

At the element 7, the quadric cones 


ay + bz? = 0 and 2? — zy — 622? = 0 


have the common tangent plane x = 0. The cones (a) and (b) have 
j for a double element. Thus the cone (c), which at the element 
j consists of the quadric sheet x?— ay — bz? = 0, touches one sheet of 
each of the other cones, and cuts one sheet, giving triple intersec- 
tion, but the three consecutive elements are not coplanar. By 
change of coédrdinate planes, we can, if we wish, obtain non-de- 
generate cubics having the same order of contact at these elements. 
The remaining axis is the intersection of the plane z = 0 with the 
quadric cone 2?— xy — b2? = 0, 1. e. we have x = y. 

As an example of greater generality, we may take a and b both 
arbitrary, with the axis 67 not coplanar with either of the triple axes 
B2 or B;. Suppose 2 = Bo, and 7 = @; as before, and put k = B;. Let 
the tangent planes to the cones (3) meet in the axis 67, that is, k = 
Bs = Bs. We may take @; any vector not coplanar with 6, and 8s, 
(for we assume now b different from zero), and may put 8; = 7. We 
may take 6, any vector not coplanar with 8:2 and £3, (for we assume @ 
not zero), and may put 8,=j7. All the three-row determinants 
become +1, —1, or 0. The vector (159) becomes, aside from a 
constant factor, 


jla — b)yz + k(xy — az’) (162) 
The cones (3) become 
y|(2a — b)z? — ay] = 0, 
a(ay — az?) = 0, (163) 
xyz =0. 
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The existence of triple axes at 7 and at 7 may be verified as in the 
preceding example. 


24. We may bring the discussion of triple axes into close relation 
with the theory of quadratic point-transformations by writing 


R(p) = tx?+ j(aive — ars") + kaows (164) 


That R(p) has 6; for a triple axis independently of the value of the 
constant a may be verified by either of these three methods: by the 
rule of Art. 18; by forming the cones (3); or by noting that the scalar 
components of R(p), as quadric cones, meet three times in (;, so that 
R has 6; for atriple zero. If, therefore, we write R for P in the general 
normal form (31) we shall have a general form for a quadratic vector 
with a triple axis and four other distinct axes. Similarly, by writing 
R for P in (88), we shall have one triple and one double axis. Various 
other forms with R in combination with preceding methods are 
evidently possible. 

The vector 2(p) becomes reducible when §; is an element of inflection 
for the cones (3), as may be easily shown by applying the rule of Art. 
1S; a result we might anticipate, because three proper quadric cones 
cannot have three coincident elements in a plane. If the vector 
F (p) has B; a triple axis, with 6; an element of inflection for (3), we 
may use the preceding general methods. 


25. As a comprehensive set of normal forms for irreducible quad- 
ratic vectors with a triple axis, we may select the four following,— 

(a) If there is no double axis, (136) is always possible. For the only 
restrictions, other than irreducibility, are that the determinants (123) 
and (156) shall be different from zero. But the axes Bo, B3, Bs, and Bg 
are the four single axes. Since no four distinct axes are coplanar we 
may evidently so choose the numbers that these restrictions hold. 

(b) If there is one double axis, use (143) provided neither single 
axis, 83 nor §¢, is coplanar with the triple axis 6,, and the double axis 
Bo. If so, use (147). The generality of these forms has already been 
proved. 

(c) If there are two double axes, use (144). 

(d) If there are two triple axes, use (159). 


26. When an axis is triple, but not of higher multiplicity, it has 
already been pointed out that at least one of the cones (3) has a 
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uniquely determined tangent plane at the triple axis. If, on the 
other hand, the axis is quadruple, we may distinguish two cases,— 

1°. The polar vector of VpFp, viz. Vp'’Fp + Vp®(p, p’), vanishes 
identically when the axis, (as 61), is written for p; this is equivalent 
to the condition that all cones (3) have the axis for a double element,— 
which therefore counts for four intersections. 

2°. The polar vector of VpFp does not vanish identically when 
the axis is written for p. 


27. Case 1° is easily disposed of, for the four elements of the 
determinant (63) vanish. Choose for 62 and 83 any two of the three 
single axes such that (123) does not vanish. The vector Fp may now 
be written, (after reducing 8;, 82, and 83 to zeros by a term pSép), 


Bi(A 11ers + Ayjoagay + A 132122) + (B2Ao + 83A51)aea's (165) 
The remaining axis is 
By AyAerAsi — (Aigd31 + Aisdeo1 — Agidai) (Bede1 + B3d31), (166) 


as may be directly verified. Conditions for coplanarity of this axis 
with a pair of the other axes are respectively, 41, = 0; Ao = 0; 
and A3; = 0. In these cases the fourth axis becomes, respectively, 
Bolo, + 83431; B3; and Bo. Thus we cannot have two of the three 
single axes, (distinct), coplanar with the multiple axis, but the three 
may themselves be coplanar. In fact the conditions As; = 0 or 
Az, = 0 agree with those already found that #2 or 83, respectively, 
may be double axes, for we may not have Ai. = O nor vet Ai3 = Oif 
the vector (165) is to be irreducible. 3 

Without assuming the existence of three diplanar axes, we may 
throw the given vector into the form (92). If 82 is a double axis we 
have as above :13; = 0, for, by inspection of the polar vector (96), 
this condition is independent of the terms in 23”. The vector now 
takes the form 


By(Ayyroarg + A poagaty + Agriae + Byar3?) + Bol Aowrears + Bow;*) 
+ B3.B3a3" (167) 


Let us now suppose §3, till this time arbitrary, to he in the tangent 
plane to the cones (3) at Bo. ‘This is the same as requiring the tangent 
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plane to be 71 = 0. By (96) this gives, (on putting p = Bo, x3 = 
wi = 0), 
Au — 0. 


If we next subtract from the vector the term 
A 9323(B 121 + Boxe + B3x3) 


which is of the form pSép and does not alter the axes, we shall remove 
the remaining term in x73. If the vector coefficient of c3? be called ¢, 
the vector may be written 


Bi[Arsaive + (Air2 — Aoi)asai] + £23? (168) 
The polar vector of VpFp now becomes 


Vp’ {Bil A r3a122 + (Ais = Ao1)x3X1] -+- f237} + V pB1A13(a1'x2 + 2122’ ) 
+ V pBi(A = == A9}) (23/21 + 232°; ) a 2V pt a3’ x3. (169) 


If the rule for a triple axis be applied to 2, we shall now put G2 for p’ 
and 8; for p, that is 2)’ = x3’ = 0 and 71 = x2 = 0. This gives ¢ 
parallel to the 7 of the rule of Art. 18. Again, 8; is' parallel to the z of 
the same rule. Hence if B:2 is a triple axis, we must have S6.6:f = 0. 
We may therefore take 


¢ = ai8i + aBe 


and the vector becomes 
Bi[A sare ss (A ae Aoi) a3%1 + a1x3"] + Boaters”, (170) 


which has only two distinct axes, 8; and 62, quadruple and triple. 
If a; is zero, B2 is an inflectional element of the cones (3). We cannot 
have a2 = 0 or A;3 = O if the vector is to be irreducible. 

It appears therefore that all possible quadratic vectors which are 
irreducible, and have f; for a quadruple axis of the sort where all cones 
(3) have double elements at 61, are included under (165) and (170). 
It is so far assumed that (; is not of higher order than four. 


28. For Case 2° we may follow a similar method. Take #; an 
axis, supposed at first to be at least triple. Take 8; in the tangent 
plane to (3) at 8;. If 8: is rendered a zero the vector may be written, 
B2 being at present any vector such that (123) does not vanish, 
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THX. + TxZ" + Fxxs + yard”, (171) 


where the terms in x32 have been removed as in the preceding article. 
By the rule of Art. 18, the condition that 6; shall be a triple axis is 
S8irr = 0, the vectors 7 and 7 agreeing precisely with those of that 
article. 

The condition that 6; shall be a quadruple axis will appear as a 
relation between the vector coefficients in (171). As in Art. 17 we 
may write 


XE = ge © (172) 


If we take the space-derivative of both sides in the direction ¢ and 
then operate by Se, we have, remembering that any derivative of the 
unit-vector € is at right angles to e, 


dg 


dh, (173) 


d 
“wn 


. a 
where the operation Th. means the same as — SeV. 


The condition for a quadruple axis is that the right member of (173), 
on writing §; for p after the differentiation, shall be independent of X. 

To obtain the condition in convenient form we have to expand the 
left side in terms of differential operations performed directly on the 


vector VpFp. We have, since xe = a 

“a Se cat w where vy = Uc = UVSXpFp, as in Art. 17, 
se do -~ o. dTo 
a a h Te dh, 
=} 5-¢ _ = iL + terms in ot, 


by the ordinary rules for differentiation. If we now write do = ¢dp, 


d : ; oe ; 
so that — = ge, and, as in the investigation of triple axes, write a 


dh, 
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for a unit vector which is constant and coincides with e when #; is 
written for p, the right member becomes, because Seo = 0, 


1 d 2 dT«a . 
= . a= © S —_—_— — . - . S 7 ) 
To dh, - T?o «dh. _ (174 


In the first of these two terms, we have to distribute the operator Hh’ 
dh 


€ 
differentiating first as if € were constant, that is, equal to a, and second 
as if e€ alone were variable. The two results are 


I d ] de 
oe 8 a 
To dhe ar: To *. dh, 


(175) 
Since Saga is the same as the second derivative of SApFp in the con- 
stant direction a, we have, when §; is put for p after the differentiation 


1 d l & 1 d? 


— 9 —— = Sr\oF = — SA 
a” tar 


To dh 3 PhP tye) 


which is in the most convenient form for differentiation. 


— de —— uses 
Taking next the vector —.,, occurring in the second term of (175), 
. an, 
we note that the derivative of a unit vector is always perpendicular 
to the unit vector, hence 


; = up + vp, (177) 


where wu and v are scalar coefficients; for e, v, and p form a rectangular 
system. Because o is a homogeneous quadratic vector, ¢p = 2c; 
and Sao = 0, hence the term in wu disappears. The scalar v equals 


—g, for 


. Sve = O 
dhe 


ed de eo ead ke 
= § — + Sv —, by distributing, 
dh, dh. , 
= Sexe — 2, by (177), 
—g —v, because xe = ge, and e& = —1. 
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This result gives, for the second term of (175), the value 


_ gSagv, 


178 
To 178) 
The remaining term of (174) is similar to (178). For 
g=— pao identically, because Sada = Sr a pF p, 
asin Art. 18. Again, 
2TodTo = — d(o*?) = — 28Sede = — 2Sa¢dp = — 2TaSvddp; 
whence se = — Svde = — Svhda = — Sadr, because ¢ is self-con- 
jugate. Thus the two terms of (174) are together equal to 
S:~A\ & d? 
a > S —' oF p, 179 
To re 7 adhdh,\” ” — 


which is in convenient form for differentiation. If 8; is a triple axis, 
g is independent of dX. If 8; is to be a quadruple axis, it is necessary 
and sufficient that (179) shall be independent of A. The reasoning 
by which this condition has been obtained is independent of the degree 
of the given vector Fp, and applies, therefore, to vectors of any degree. 
The denominator 7c, as already shown, takes the form Sd$7, when 
8, is written for p. It can easily be shown that, for all homogeneous 
vectors, the expression (179) takes the form 


ol (180) 
S\er 


where 7’ is a new vector.!’ The condition that this fraction shall be 
independent of \ is SBrr’ = 0. 


17 To prove this in general, we may write Fp = aP? + BY + yR, where a, 8B, 
and y form a rectangular unit system as in the text, and P, Q, R, are homogene- 
ous scalar polynomials of degree n in x, y, z._ If we write d and 6 for two inde- 
pendent symbols of differentiation; and put dP = P(ép), 6P = P(ép), and 
dsP = 5dP = P(dp, 5p), it being understood that 8 is always put for p after 
the differentiation; with a similar notation for the first and second differentials 
of Q and of R; we must have P8 = QB = RB = 0, because 8B is a zero of the 
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29. Applying this condition for a quadruple axis to (171), the third 
derivative of pFp in the direction a is 3aFa, because pFp is homoge- 
neous of degree 3. The other differential operation is the same as 
SvV-SaV. We may write 6; for a and 638; for v, and may assume 
these vectors to form a rectangular unit system, although the homo- 
geneity of the conditions makes this assumption unnecessary. The 
operation S636:V-S83;V- on VpFp, where Fp has the form (171), 
yields, (forming the second differential vector and writing 83 for dp 
and 836; for dp and §; for p), 


VB3r + VBS, 


and VaFa gives 3VB3r. By writing r = wfi + gz, and substituting 
results in (179), we find as the condition that 6; shall be a quadruple 
axis, 


SBir(wB3 + gf) = 0. (181) 


30. It will now be most convenient to distinguish two subcases, 
according as g is, or is not, zero. If not, we may add to the vector 


Fp a term x2? which will remove from the vector 7 its 81 component, 
leaving it parallel tov. We then have Fp as 

(x22 + gaz") + $xexr3 + pare® (182) 
The condition for a quadruple axis then appears as 


SBirf = 0. (183) 





given homogeneous vector Fp. Also, because 7 is the normal to the cones (3), 
P(a) = R(a) = 0. Applying the rule of Art. 18 we find 

«= aP(y)+7R(y), and +r = aP(a,a) + R(a, a) — 2aQ(a). 

S 
From the relations S8xr = 0 and g = ne , we have r = u8 + gz, where 
u is a scalar and g has the same meaning as in the text. Operating by S-a8 
gives 
_ Sabr _ R(a, a) 
7 Sabre R(y) 

for all homgeneous vector-polynomials, 8 being a triple axis. If we write 
F(a, a, a) for the third derivative of F in the direction a, and perform the indi- 
cated operations, we find all terms not of the required form cancel, and 


1’ = F(a, a, a) — 3aQ(a, a) — 3g{aP(y, a) + yR(y, a) — aQ(y) — vQ(a)}. 
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We may therefore write 


¢ = uBi + giz, (184) 


and Fp becomes 
m (arte + gas? + gideas) + uBirors + yxe?, (185) 


the most general quadratic vector having #; a quadruple axis, a deter- 
minate tangent plane to the cones (3) at 6:, and £; not an inflectional 
element of these cones. It is evident that if z lies in the tangent plane 
it is an axis and, conversely, if an axis other than {; exists in the 
tangent plane, this axis coincides with 7. Let us suppose, as a very 
special case, that 7 is a double or triple axis, which we may take 
as 83, (since 83 is any vector in the tangent plane). The tangent 
plane to (3) at 83; must be distinct from the tangent plane at (; since 
cubics have no double tangent, and Fp is assumed not reducible. 
Applying these conditions according to the methods already exem- 
plified, we have, as the polar vector of VpFp at Bs, 


VBs{uBix"’2 — gx1'Bi — gxe’Bo} 


which obviously cannot determine, by its vanishing, a unique tangent 
plane at 83. Thus the supposed case is impossible; and 7 cannot 
be a double axis. 

This possibility disposed of, the vector (185) must always have at 
least two axes not in the plane (3lp) = 0. Let B2 be one of these. 
The vector becomes 


T(xixe + gxs? + giters) + UuBixors + aPor?’, (186) 


where a is a scalar constant. This form, therefore, is equally general 
with (185), 8; being of order not higher than four. 

If we consider the vector 7, and the scalars u and a, as determined 
by assigned axes (4 and 83, I shall now show that the determination is 
uniquely possible, aside, obviously, from a scalar factor. If we write 


ryt, + gx3? + giters = Cp 


the conditions that F8, and F£; shall be parallel, respectively, to 84, 
and 6; may be written 


VB.[Car + uBi(314) (124) + aB.(314)?] = 0 


V BCs + uBy(315) (125) + aB2(315)*] = 0, (187) 
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two vector equations equivalent, in general, to four scalar equations. 
Multiplying the first by 6; and the second by 6; and taking scalars 
we obtain two equations, 


(45r)C4 + (451) (314) (1 


24)u + (452) (314)?a = 0 
(457)Cs5 + (451) (315) (125 


Ju + (452) (315)%a = 0, £188) 


homogeneous in the three unknowns (457), wu, and a. The two-row 
determinants from the coefficients cannot all vanish if Fp is not re- 
ducible. For the determinant of the second and third columns is 


(451) (452) (314) (315) { (124) 315) — (125) (314) } 
which by a transformation already used becomes the product of de- 
terminants 


— (451)2(452) (314) (315) (123). (189) 


Considering these factors in order, if (451) = 0, the axes 6, 64, and 
8; are coplanar, and we may put 
Bs = mB; + nps5. 
The matrix of the coefficients becomes 
Cs, 0, m(412) (314)?, 
mn(231) (314) + n?C4, 0, mn? (412) (314)?, 
The axes 8; and 8; being assumed distinct, neither m nor n is zero. 
We cannot have (412) = 0 for the four axes 8), Be, B41, Bs, would be 
coplanar and Fp would be reducible. We cannot have (314) = 0 
for we cannot have two distinct axes in the tangent plane to (3), viz. 
(31p) = 0. And we have (123) different from zero by hypothesis. 
Hence this matrix cannot have its rank reduced to one. 
Taking the second factor of (189), if (452) = 0, the three single 
axes are coplanar. We may put 


B; = mBo + nBy4. 
The matrix of the coefficients becomes 
Cs, m(421)(314) (124), 0, 
mn(312) }(234) + gi (124)} + n?C4, m(421) {m(312) + n(314)}n(214),0, 
and the only non-vanishing determinant is seen to equal 
— gm?n(124)*(123) 


no factor of which can vanish under the hypotheses. 
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Taking the third factor of (189), if (314) = 0, 64 lies in the tangent 

plane. The two non-vanishing determinants of the matrix reduce to 

g(124)?(452) (315)? and g(124)?(451) (315) (125). 
By hypothesis, g is not zero. We cannot have (124) = 0 since B2 
was taken without the tangent plane. We cannot have (315) = 0, 
since there cannot be two axes in the tangent plane, other than {;. 
Similarly, we cannot have (451) = 0. Hence if both determinants 
vanish, we have simultaneously (452) = 0 and (125) = 0, the four 
axes 61, B2, 84, and 65, coplanar, which is impossible under the hypo- 
theses. 

Taking the fourth factor of (189), the same reasoning holds. The 
last factor differs from zero by hypothesis. Hence the solution of 
(188) is unique, aside from a factor of proportionality. This factor 
aside, we find for the constant a the value, by an easy computation 


a = — (123) (145) { (314) (315) (245) + g(124) (125)(145)}, (190) 
the result being independent of g;. For the constant u we find 


u = (123) (245) [— (314) (315) (845) + (145) { (314) (125) 
+ (315) (124)! + 91(145) (314) (315)]. (191) 


In determining the vector 7 we shall not fail to remark that neither 
C', nor C; can be zero. This can be shown from the fact that, if C4 is 
zero, (for example), Fp is a limiting case of a reducible vector, Cp 
defining by its vanishing a quadric having four elements in common 
with (3) at @: and passing through 62, so that if it passes through 
another axis we have six on a quadric. Better, if Cy = 0, it is evident 
from (186) that 6, lies in the plane of 8; and Be. But 23 vanishes 
when §, is put for p. Hence 8; must coincide with B2 in direction, 
contrary to hypothesis. Similarly, C; cannot vanish. 

The most natural way to determine 7, provided (145) does not 
vanish, is by means of the identity 


(145) = B:(457) + B4(51r) + B;(147) (192) 


The component (457) is given by (189). Multiplying both equations 
of (187) by 6; and taking scalars we have 


| 
os 


C'4(147) + a(142) (314) 
C;(51lmr) + a(512) (315)? = 


a 


(193) 
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These equations complete the solution. Similarly, if (245) does 
not vanish we can express 7 in terms of Be, B4, and £5. 


31. The remaining subcase supposes #; an inflectional element of 
the cones (3), so that g = 0. This is equivalent to saying that the 
vector 7 of (171) shall be parallel to 8;. We then have, as the condi- 
tion that 6; shall be a quadruple axis, by (181), 


SBirBs = 0, (194) 


for the scalar u cannot vanish if Fp is not reducible. (If so, we should 
have x2 a factor of (171)). The condition (194) requires that 7 shall 
lie in the tangent plane 22. = 0 to the cones (3) at 6:. Since @; is so 
far any vector in that plane, we may take a$3 = 7, and (171) becomes 


aB3xiate + uBixs" + Sxorg + Ux? (195) 


Since we cannot now have any axis in the tangent plane distinct from 
81, (for if so we should have four axes in a plane), we may assume f2 
an axis, and, by a properly chosen term in p, remove the term in 22? 
from the vector Fp. We then have | 


asx it + uByr3? + faxes, (196) 


as the most general form for this sub-type. (The constants a and u 
are, of course, altered by addition of a term in p). We have the 
vector ¢ and the scalars a and u at our disposal to determine two more 
axes 6, and §; as in the former subcase. This, however, presents no 
new difficulty. 


32. The methods already exemplified are amply sufficient to 
impose on the two vectors (186) or (196) conditions that 8:2 shall be a 
double or a triple axis. As they are the most general possible vectors 
of their types, as was shown, they contain all further special cases, 
having #6: for a quadruple axis. 

As an example, let 81 = 7, 83 = j, 83 = 7 = k, and let a third single 
axis be 7 + k, so that the three single axes are coplanar, and one of 
them is in the tangent plane, (y = 0), to (3) atz. Letg = land gi= 0. 
We find from (186) 

k(ay + 2) + jy’ 


as the value of Fp, and the cones (3) become 
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y(zy + 2 — yz) = 0, 2Y=0, x(ay+ 2) = 0. 


Any linear function of the left members gives a uniquely determined 
tangent plane y = 0 at the element 2, provided that the coefficient of 
the first is not zero. That j, k, and 7 + k& are axes verifies by direct 
substitution, as also the quadruple character of the axis 7. 

As a second example, let 2 be a quadruple, and j a triple axis. Let 
the tangent plane at 7 be y = 0 and at 7 bez = 0. Letg = 1 and 


gi = 0. The vector 
j(zy + 2) + iyz 


satisfies these conditions, the cones (3) becoming 
2(ay + 2) = 0, yz? = 0, and a2’y + 22? — yz = 0. 


That there are no axes except 2 and 7 is obvious by inspection, and the 
quadruple character of 7 verifies easily. This is a special case of (186). 

The constant g; is closely related to the aberrancy }* of any cubic 
curve obtained from the cones (3) by plane sections through 6, and 
vanishes if the aberrancy of such a cubic vanishes at A. 

Conditions that a quadratic vector may have an axis of order 
higher than four may be obtained by similar methods, but such 
conditions are not needed for the complete determination of the axes 
of a quadratic vector. For suppose a vector to have an axis of the 
fifth order. It is evident that there can be, at most, two other axes 
if the vector is irreducible. An examination of these is sufficient 
proof of the quintuple character of the multiple axis. Or again, 
suppose a vector to have only two axes. If these be tested, by the 
rules above given, one will be found to be of the fourth order, at least. 
It will then be of the fifth, or of the sixth, order, according as the 
remaining axis is of order two or one. 

If a quadratic vector has only one axis, that must be of the seventh 
order. As a simple example, 


u(y + 2 + y*) + jy’ 
has 2 for its only axis, the cones (3) becoming 
yz=0, zayty+2)=0, yy+2) =0. 


The tangent plane at z is not determinate, all combinations of these 
equations having a double element at 7. This is, thereforé, not a 
special case of (186). 





18 Salmon, Higher Plane Curves, 3rd. Ed. Art. 407. 
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PART FOUR. 


33. Our analysis of quadratic vectors is now complete, in the 
sense that the nature of any given vector can be completely deter- 
mined by the foregoing methods. Furthermore, normal forms, or 
model vectors, have been given including all possible vectors. I 
shall apply what precedes to the study of a general, and very simple, 
normal form, by means of which the properties of a quadratic vector 
are made to depend on those of a pair of vectors of the first degree; 
namely 


Vop0p + pSép, (197) 


where ¢ and @ are linear in p, and 6 is a constant vector.‘ The first 
term of this vector, the vector product V@p@p, has three zeros, for 
there exist three directions, in general distinct, which are altered in 
the same manner by the operations ¢ and 6. These directions 7° are 
the axes of the linear vector function @—@._ Let three vectors along 
these directions be 8,1, 82, and 63. Let them be converted by ¢ into 
Ax, Ae, As, respectively. We may then write 


op: (123) = di(23p) + A2(31p) + As(12p), 
or with the notation already adopted, 


dp = Arti + Aode + Asats (198) 
and also 
6p = gidit1 + J2d22'2 T G3A323, (199) 


where gi, g2, and g3 are the roots of the cubic in ¢~'6, that is they 
satisfy three relations of the form ¢-!68 = g8. Whence it’ follows 
that 6B = goB and VOB = 0., for Bi, Bo, or B3. If we now multiply 
together the corresponding members of (198) and (199), introducing 
the notation 


19 In a former paper, (Phil. Mag. Jan. 1909, page 124) I gave this form 
(without proof), in connection with differential operators of the second order, 


the symbol V being written for p). 
20 Cf. the appendix by the late Prof. C. J. Joly to Hamilton’s ‘Elements of 


Quaternions,’ 2nd. Ed. p. 363. 
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(93 = 92) VBoB3 = a1, (91 = 93) VB381 = az, (92 - 91) VBiB2 = as, (200) 
we find identically 


Vobp0p = arrears + aagr + agtite. (201) 


It has already been shown that any quadratic vector of the general 
type, or any having three distinct diplanar axes, can be thrown into 
the form of the right member, by means of the addition of a properly 
chosen term pSép. We have now to examine the converse of the 
process by which (201) was just obtained, viz. to convert the right 
member into the left, or to factor, vectorially, into the linear vectors 
gp and @p. In the most general form of quadratic vector this will be 
possible. For we may write 


gp = hyx,Vacas + hoxeVazai + hga3Vaiaz, 
Op = €12;Vaeaz + CoteV aga, + C323V ajao, 


where the six constants h and c are undetermined. If we take the 
vector product of corresponding members, utilizing the identity, 
proved in all works on vectorial algebra, 


V-VayjaoVaga; = a;Saja2a3 


with two others of like form, and compare with (201), we find these 
three relations to determine the six constants, 





h3ce 7m hoc = hic —_ h3cy = heey —hyc2 = 
Saja0d3 


whence, evidently, there are an infinite number of ways to write 
down ¢p and @p. For example, a simple, although unsymmetrical, 
solution, is 
hy = l, he = —l, hs; = 0, cS (aja2a3) = —l, Co = 0, 
c35(aja2a3) = +1. 


If we let the resulting values of ¢ and 0, or any two we may construct 
satisfying the conditions, be called ¢) and 6, then the new pair, 


p = Udy + H, 6 = uUsho + 0190, 


will also satisfy them, provided uv; — uw = 1. It thus appears 
that we have V¢p@p determinable by fifteen scalars; each linear vector 
in general involving nine scalars, but in the vector product we have 
the four parameters u, v, wu; v;, with the restriction as given. 


(202) - 
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This process assumes that Vaea3, Vazai, and Vajaz are diplanar, 
since ¢p and 6p were assumed in terms of them. This, in turn, implies 
that a;, a2, and a3 are diplanar, in general true, but not necessary, 
even in what I have called a vector of the first, or general type. For 
it was shown that if Fp has three zeros, and if, of the four remaining 
axes, three are coplanar, the last or seventh axis will also be a zero, 
(cf. Art. 6), and the vector itself will be always in one plane, 1. e. ay, 
a2, a3 Will be coplanar. 

The possibility of the normal form (197) therefore depends, when 
sets of coplanar axes exist, upon so selecting the zeros that, of the 
four other axes, no three shall be coplanar, while the three zeros them- 
selves cannot be coplanar. Each relation of coplanarity between sets 
of three vectors diminishes the number of possibilities. Thus if no 
three axes are coplanar, three can be chosen in thirty-five ways, each 
leading to a separate form like the right member of (201). If three 
axes are coplanar, the number of possibilities reduces to thirty-one, 
since we must now exclude any choice of three zeros from the four 
non-coplanar axes, and three can be chosen from four in four ways. 

That the choice of three diplanar axes, so that of the four that 
remain no three shall be coplanar, will always be possible may be 
proved by exhaustion as follows. Let 81, B2, and 83 be chosen as any 
three diplanar axes. Let 84, 8;, and Bs be any remaining three which 
are not coplanar. If 87 is coplanar with two of this latter three, 
suppose (567) = 0. If of the remaining four vectors §;, 82, 83, 84, no 
three are coplanar, the problem is solved, since (456) is not zero. 

Of these four, (123) does not vanish by hypothesis. If 87 is coplanar 
with two out of the three 8, Bs, 83, suppose (237) = 0. Then (127) 
is not zero, since no four axes are coplanar. 

Choose 6;, B2, and B; to be zeros. If of the four others B3, Ba, Bs, 
8s, no three are coplanar, the problem is solved. Of the four, (456) 
is not zero by hypothesis, and (356) is not zero for (567) = 0 and no 
four axes are coplanar. If 83; and #4 are coplanar with either f; or Be 
(so far treated alike), suppose (345) = 0. 

Choose 63, 8;, and 8, to be zeros. If of the four others §:, Bo, Bs, Bz, 
no three are coplanar, the problem is solved. Of these four, (127) 
and (247) can neither be zero, since (237) = 0. Now (124) and (147) 
cannot both be zero. Two cases are to be distinguished,— 

Case 1. (124) = 0. Choose B;, Bs, and B; to be zeros. Of the 
four others, Be, 83, Bs, Bs, (235) and (236) are not zero since (237) = 0. 
And (256) and (356) are not zero, since (567) = 0. The problem is 
therefore solved. We may still have (163) = 0, when the seven axes 
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will lie in sets of three on five planes, no three planes having a com- 
mon axis, except those through £3. 

Case 2. (147) = 0. If 8:1, B3, and 8. are diplanar, choose them to 
be zeros. Of the four others, Bo, B4, 8s, B7, (247) and (257) cannot be 
zero, since (237) = 0. (457) cannot be zero since (147) = 0. (245) 
cannot be zero since (345) = 0. The problem is then solved. But if 
(136) = 0 choose Bo, 84 and Bs to be zeros, if diplanar. Then of the 
four others 8), 83, Bs, 87, we cannot have (135) nor (137) zero because 
(136) = 0. We cannot have (157) nor (357) zero since (567) = 0. 
The problem is then solved. But if (246) = 0, choose 81, Bo, and 6; 
to be zeros. Of the four others, B3, 84, Bs, Bz, we cannot have (346) 
nor (467) zero, since (246) = 0. We cannot have (347) = 0 nor 
(367) = O since (237) = 0. The problem is then solved if (125) 
does not vanish. But the three vectors 6;, 62, 8s are the intersections 
of planes through the other four axes taken in pairs. It has just been 
shown that no three of these four can be coplanar. Therefore (125) 
cannot vanish, and the proof is complete. The axes now lie in sets 
of three on six planes, the four not chosen as zeros being at the inter- 
section of three planes each. 

The form (197) is then always possible for a quadratic vector of the 
first or general class, having just seven distinct axes. 


34. If an irreducible quadratic vector possesses one or more double 
axes, but no triple axis, it may still be thrown into the form (197), 
but the manner of obtaining a proper ¢ and @ is somewhat different. 
Let, at first, each double axis be replaced by two single axes, one coin- 
ciding with the original double axis, the other lying in the original 
tangent plane to the cones (3) at the double axis. Then let the selec- 
tion of three axes proceed as in Art. 33, these three to be diplanar, 
and of the four others no three to be coplanar. Then let the axes in 
the respective tangent planes approach their original positions. 
We now distinguish two cases. 

Case 1. If the three axes selected remain single axes, let them be 
reduced to zeros, the vector then taking the form of the right member 
of (201). The vectors aj, a2, a3, cannot be coplanar, and the factoriza- 
tion into the form (197) proceeds as before. 

Proof. Suppose aj, a2, and a3 tobe coplanar. Put 


a3 = ma, + Nao. 
The vector Fp takes the form 
ay(aearg a M222) a as(a3ay a NI 22). 
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Four of the seven axes are zeros, viz. the four intersections of 
Xot3 + mMayate = 0. x321 + na12%2 = 0. 


There can be no other axis without the plane of a; and az. For the 
above pair of simultaneous equations cannot have five solutions since 
the number is finite. No axis not given by a solution of these equa- 
tions can bea zero. That is, the remaining axes are not zeros. Hence 
they are in the plane of a; and ae. Since, by hypothesis for this case, 
the three selected zeros are single axes, the fourth zero is single. Of 
the remaining non-zero axes, one is therefore a double axis. In virtue 
of the method by which the first three zeros were selected, the last 
non-zero axis cannot lie in the tangent plane at the double axis, which, 
therefore, cannot be the plane of a; and az. 

Consider the normal form (88); which is precisely the present case,— 
three single axes being zeros, the double axis being §;, and the tangent 
plane at 6; passing through a, which by hypothesis, is distinct from §;. 
If (88) lies in a constant plane, that plane is therefore the tangent 
plane, contrary to the above result. Hence the vector cannot lie in a 
constant plane; that is, ai, a2, a3, cannot be coplanar. 

Case 2. If the three vectors selected do not remain single in the 
limiting vector, let the double axis be 8; and the other be 8:2 and let 
the vector be thrown into the form (171), and Be be rendered a zero. 
We then have 


Fp = wayxtq + rag? + fxr. (203) 


The vectors 7, 7, and ¢ will not be coplanar. 
Proof. Suppose 7, 7, ¢, to be coplanar. Put 


¢ = mr + nr. 
The vector Fp takes the form 
m(ayate + maer3) + 7(a3? + n2xe23). 


By the same reasoning as in Case 1, the non-zero axes must lie in the 
plane of s and r. By virtue of the method of selecting the first three 
zeros, if the non-zero axes are three single axes, they are not coplanar. 
Hence they cannot be all single. One non-zero axis is therefore double. 
By the same reasoning as in Case 1, the tangent plane at this latter 
double axis cannot be that of z, and r. 

Consider the model form obtained by writing Q for P in (88), 
which is precisely the present case. As above, the vector, if in a 
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constant plane, is in the tangent plane at £;, in contradiction with the 
result just obtained. Hence 7z, 7, and ¢ are not coplanar. 

I shall now show that the right member of (203) can always be 
thrown into the form V¢p@p when ¢, 7, and 7 are not coplanar. Write 


gp = 1Var+ xroViw + ogy, (204) 
where yu is to be determined. Also 
Op = gitiVar + goteVer + (gu + gsVar)as, (205) 


these simultaneous forms of ¢ and @ corresponding to coincidence of 
two axes of the linear vector dp. If we now take the vector product 
Vop0p and equate to (203) we find, comparing vector coefficients of 
2122, X3", and L223; 


(go — gi) Star = 1, g3Sru=1, Stu =O, 
= (91 — g2)VVea-pn — gsxSorr. 


From these equations we obtain the solution, for g3 and y, 
g3Star = —1, w= Vtr+ Vrr (206) 


whence ¢ and @ are known, g; and ge being arbitrary provided their 
difference be constant. 


35. Taking next the case of a quadratic vector having a triple axis, 
but no axis of higher order, a number of situations may arise. Sup- 
pose first that we have one triple and four single axes. Let the triple 
axis be 6;. It is always possible so to choose B2 and §3 that of the two 
other axes neither shall lie in the tangent plane to (3) at 8;, (because 
only one single axis can lie in that plane), and, at the same time, so 
that these two remaining axes shall not be coplanar with 8, (because 
four axes cannot be coplanar). Let 81, 82, and 83 be rendered zeros. 
We then have the form of the right member of (201). The three 
vectors aj, a2, and a3 must be diplanar, and we can factor into V¢pbp 
as before. 

Proof. Suppose (a;a2a3) = 0. These three vectors will not all be 
parallel, for Fp is not reducible. Let one of them be expressed in 
terms of the other two, (non-parallel). The scalar coefficients of these 
two define, by their vanishing, two quadrics. ‘Two cases may arise. 

Case 1. These quadrics are tangent at 6:;. Neither of the single 
axes not first chosen to be zeros can be now a zero. But all non-zero 
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axes are in the plane of the vectors a, a2, a3. But 6; must lie in that 
plane by reason of its triple character. This is contrary to the hypo- 
thesis that 6; and the two axes are diplanar. 

Case 2. The quadrics are not tangent at 6;. One of the two single 
axes not selected to be zeros must be a zero, since the quadrics have 
four intersections. But the plane of the vectors a contains three 
axes, is therefore the tangent plane to (3) at 61, and passes through the 
non-zero axis, contrary to hypothesis. 

A similar proof can be obtained analytically by considering the con- 
dition of Art. 19 that 6; shall be a triple axis. 

Under case 2 use was made of the fact that, if the plane of a quad- 
ratic vector is constant, and if two of the three axes which it must 
then possess in that plane are coincident, the plane is tangent to 
the cones (3) at the double axis,— assuming this tangent plane to be 
uniquely determined. An analytical proof of this is desirable. Sup- 
pose first that the double axis is a zero, as in the case of the triple 
axis just considered. Let coérdinate axes be taken so that 7 is the 
zero, j also in the constant plane, so that the vector becomes 


u(bxry + cy? + terms in z) + j(byry + cry? + terms in 2). 
The equation to determine axes in the plane z = 0 then becomes 


a(byry + ey?) = y(bary + cy’). 


That there may be only one axis other than y = 0 we must have b= 0. 
But the polar vector of VpFp at 7 takes the form 


k(byy’ + aterm in 2’). 
Hence the condition that the tangent plane to (3) shall be the plane 
z = Ois also that we have b; = 0. 

If the double axis is not a zero, we shall have the vector in the form 
t(ax? + bry + cy? + terms in z) + j(bivy + cry? + terms in 2), 
where 7 is taken as an axis. The equation to determine axes in the 

plane z = 0 becomes 
a(byry + ey?) = y(aa? + bry + cy’) 
giving b; = a if there is to be but one axis other than 7 But the 


polar vector becomes at 7, 


V(ix’ + jy’ + kz’)ia + Vi(jbyy’ + a term in 2’). 
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The only terms other than those in 2’ are 
— kay’ + kbyy’ 


Hence b; = a gives z = 0 as the tangent plane to (3) at 7. 

The reasoning of the preceding article may now be extended to 
cover the case of a quadratic vector with one triple axis and either one 
or two double axes. We proceed as in Art. 34. If the axes originally 
selected to be zeros along with 8; remain single axes, we still obtain 
the form of (201). The resulting vectors a cannot be coplanar and 
we may factor as before. If, on the other hand, the axes selected 
to be zeros approach each other, we obtain the form of (203). The 
reasoning already employed shows that the plane of the resulting 
vector cannot be constant, and we may factor as in Art. 34. 


36. If the given quadratic vector has two triple axes and one 
single axis, the preceding reasoning fails. A normal form for this 
case is (159). It will be simplest to consider two subcases, according 
as the three distinct axes are, or are not, diplanar. 

Case 1. The three axes Bo, B;, and B7 are diplanar. Let these 
axes be made zeros by adding to the normal form (159) a proper 
term of the form pSédp. The vector then takes the form of the right 
member of (201). The constant vectors a will not be in the same 
plane, and we factor into V@p§p as in Art. 33. 

Proof. Suppose the vectors a to be coplanar. Let one of them 
be expressed in terms of the other two. The scalar coefficients of 
these two will then define, by their vanishing, two quadrics. The 
four intersections of these quadrics can only be at 82, Bs and 87, since 
there are no other axes. Hence one of the axes B2 or 8; must be a 
double intersection for the two quadrics. Suppose the axes to be 
numbered so that 8; is a double intersection for the two quadrics. 
The four intersections of these quadrics count as four of the seven 
axes of the quadratic vector. The plane of the vectors a must contain 
the other three, which, however, can only be at B2 and 8; since there 
are no other axes in that plane. It was proved in Art. 35 that if a 
quadratic vector of constant plane has one axis in that plane a zero, 
and only one other axis in that plane, the plane itself is the tangent 
plane to the cones (3) at the zero. That is, the tangent plane to 
(3) at Be passes through £;. 

Consider the normal form (159). The tangent plane to the cones 
(3) at Be is the plane (239) = 0. Hence we must have (235) = 0. 
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The form (159) now becomes, by putting (235) = 0, 


1B4(527) + Bs(247)}(52p)? _ B2(23p) (45) _ Bs(524) (52p) (72p) 
(527)? (237) (527)? 




























(207) 


We note that the constant a cannot be zero, since this would give Be. 
an inflectional element of the cones (3) and 8; could not then lie in the 
tangent plane if Fp is irreducible. Also, (457) cannot vanish, since 
the planes (45p) = 0 and (25p) = O taken together constitute a quad- 
ric cone which would then contain six axes, as the limiting form of a 
reducible vector. 

Let now the vector (207) be thrown into the form of the right 
member of (201) by addition of the term 


— p(52p) (452) 
(527) 








which renders §; a zero without destroying the zero character of Be 
or B;. By use of the identity 


p(452) = B4(52p) + Bs(24p) + B2(45p) 
we find the vector takes the form 


Bs(52p) {(247) (52) — (524) (72p) — (240) (527)} 
(527) 














(23p) (45p) _ (45p) (52p) 
(237) (527) 


the terms in #8, destroying each other. But we have identically 
(247) (52p) — (527) (24p) = (452) (72p) 


whence the coefficient of 8; vanishes. The vector is thus reducible, 

contrary to hypothesis. Hence its plane cannot be constant. | 
Case 2. The three axes Be, 85, and B7 are coplanar. The form | 

(159) becomes, putting (257) = 0, | 


+64 


{ Bs(247) + B2(457) } (23p) (45p) 
ae + (a:Bs + biB2) (52p)?, (208) | 





where a; and b; are constants, which, like the original constants a 
and b, cannot vanish in this case, Fp being irreducible. It is not 
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possible to throw this vector into the form (201), because we have not 
three diplanar axes. The form (203) is still possible. By the iden- 
tity 

B7(452) = B5(247) + B2(457) 


the vector (208) may be written, (neglecting a multiplicative con- 
stant), 


B7(23p) (45p) + (ai8s + 5182) (52p)?, 


the constants a; and 5, being arbitrary but not zero. By subtraction 
of the vector term p (237) (45p) the axis 67 is made a zero. We 
may also write, identically, 


p(237) = B2(37p) + Bs(72p) + B7(23p), 
which gives us “one quadratic vector as 
— B2(37p) (45p) — 6°(72p) (45p) + (ai8s + biB2) (52p)? — (209) 
The axes B2, Bs, and B7 are coplanar, so that we may write 
Bs = mB2 + Br. 


We therefore have (529) = n(72p). 

If we now put x; = (37p), z2 = (45p), and 23 = (72), we shall have 
thrown (209) into the form (203). It is evident that the vector coeffi- 
cients are not coplanar and the factorization proceeds as in Art. 34. 

All quadratic vectors, therefore, having a triple axis, but no axis 
of higher order, can be thrown into the form V¢p6p + pSép. 


37. Taking, finally, vectors having axes of order higher than the 
third, it has already been shown that these differ in their properties 
according as the cones (3) have, all of them, a double element at the 
multiple axis; or have a uniquely determined tangent plane there. 

If 8; is an axis of the fourth or higher order, and if we are dealing 
with the case of vanishing polar vector, so that the tangent plane is 
not unique or determinate; and if, also, there exist two other axes 
diplanar with f:, the form (201) is not possible. For we can throw at 
once into the form (165), obviously a vector of constant plane, in- 
capable, therefore, of being factored as Vp6p. 

If, however, we subtract from (165) the term pA1o73, the resulting 
quadratic vector may be written 
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A 13812 1%2— A 128 3'3?+ (A 1181+ Ao1B2— A 1282+ AsiB3)%2%3, (210) 


which is in the form (203) and can therefore be factored into V¢p6p, as 
in Art. 34, provided the vector coefficients are not in the same plane. 
It was shown in Art. 27 that neither A;3 nor Aj2 can be zero. The 
condition that the vector coefficients be coplanar is therefore 


Ao —_ Ai = 0. (211) 


If this condition is satisfied, (210) cannot be factored into V@p6p. 
If, however, we subtract from (165) the term pA13%e, the resulting 
quadratic vector may be written 


A 128 123% — A 13B 222? + (A 1181+ Ao182+A3183— A 1393) aoa, (212) 


which may be factored like (203) if the vector coefficients are diplanar, 
that is unless 


A3) —_ Ai3 — 0. (213) 


Suppose (211) and (213) both satisfied. Subtract from (165) the 
term p(Ajor3 + Aj3%2). The resulting quadratic vector may be 
written 

—A 130229” —A 128323” aa A118 12 0%3. (214) 
Neither Aj nor Ai3 can be zero, the vector being irreducible by 
hypothesis. If Ai; is not zero we may put 


gdp = Ait2VBiB2 + A1wrt3V BoB; 


A329 " v3 = 
6p = VBB3 + ——— VB38 
AuS6iB8; SBiBB, 


(215) 


and we then have (214) identically equal to V¢p@p._ If, on the other 
hand, Ay; = 0, (214) cannot be factored into V¢pbp. The resulting 


simple vector 


A 13B2a°2” + A 128 3x3" (2 16) 


may, however, be factored by first adding a term pSép, where 6 may 
be chosen in an infinite number of ways. It can be shown that any 


term 
—_ p(bae + CX3) 


will suffice, if b and ¢ satisfy 


AwA ne bA i cA43 =z (), 
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A simple solution is found by multiplying (216) by 2, and writing 
b = Aj3, and c = Aj. The resulting quadratic vector is 


2(A13Boao” + A 128323”) — p(A1ste + A12%3) 
which by taking p = 2181 + 2282 + 2383 becomes 


B1(— A 13x 1%2— A 120123) + B2(A 13%” — A 12%22°3) + B3(A 120°3”— A 13200"), 


(217) 
which, by Art. 4, has the same axes as (216). If we take 
gp = r2V BiB. + 23V 636i, (218) 
Op = (A 1203 — A 1322) VBoB3+21(A12VB1B2—A13V B38), 


we shall have (217) identically equal to V¢p§p, aside from the scalar 
factor SB1BB3. 

This completes the factorization of (165) for all possible cases. 

It was shown in Art. (27) that when the quadratic vector has a 
triple axis, (besides the quadruple axis with vanishing polar vector), 
it can be thrown into the form (170), evidently of constant plane. If, 
however, we subtract the term 


p( Ar — Aoi)a3 + pA1sie 
the resulting quadratic vector may be written 


— 227A 1382 —220'3( A 1282— A21B2+ A 1383) + 237(a181+ a282— A 1283 
+ AoiB3) (219) 


which is the same form as (214) and can be factored as in (215) pro- 
vided the vector coefficients are diplanar. We cannot have A,3 = 0. 
The condition of coplanarity for the three coefficients is therefore 
a, = 0; that is, the element B2 is an inflectional element of the cones’ 
(3). If such is the case, we may, instead, subtract from (170) the 
term p(Aj2 — Aoi)x3. The resulting quadratic vector may be written 


2°32°9A 1331+ 237(a181 + a282— A 1283+ A 2183) — X2v3(A12— Aas) B2 220) 


which is in the form (203) and can be factored into V¢p6p if the vector 
coefficients are diplanar; that is, unless 


Aj —_ Ao} —_— 0. 
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If such is the case, and if, also, a; = 0, the vector (170) takes the 
simple form 


BiA 132122 + Boder;? (221) 


If we subtract the term pz; Va.A we the resulting quadratic vector may 
be written 


B,(A 13¢10%2 — b2xeox3) a B2(aex3? — b2xeox3) —_ Baba? (222) 
where } = VaoA 13. If we take 


dp = Va2x3VBo83+ VAis2iV B81, , 
Op = (Vaox%3 — VAj322)VBiB2 + VAis 13V B3B1, — (223) 


we shall have (222) identically equal to V¢p@p aside from the scalar 
factor S6:8283. 

We have thus considered all possibilities for an axis 6; when the 
cones (3) all have a double element at 61, and @; is not of higher than 
the fourth order. If 8; is of fifth or higher order we may assume 
82 and 83 any two vectors not coplanar with 6;. By virtue of the 
vanishing polar vector we may then throw the quadratic vector into 
the form 

ayr2” + acters + asrs’, (224) 


and if the vectors a are diplanar we may factor as in (214) and (215). 
If the a’s are coplanar, 6; must lie in their plane, for if not we shall 
have three other axes in that plane, (not necessarily distinct), and 8; 
will be of the fourth order only. We may suppose fz, as yet arbitrary, 
to be some other vector in this plane. (224) may then be written 


B i(B 11%2?+ Byorer3+B 13%3") + Be( Boiae?+ Bootert3+ Bosx3"), (225) 


where the B’s are constant scalars. The plane of 6; and #2 is the 
same as the plane z; = 0. It is evident, therefore, that the only 
axis, if any, which (225) possesses distinct from @; is 


6B, Bi; + BoBa. (226) 


If Bo; is not zero we may suppose #2, as yet arbitrary in the plane 
x3 = 0, to be an axis; when B,, will disappear. By subtracting the 
term pB2;2%2, the resulting quadratic vector may be written 
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—21%2Bo181+ 2003(Bi28i+ BoB 2 _ B83) +237(BisBit+ B2382), (227) 


the axis B2 being made a zero, and, consequently, the term in 22° dis- 
appearing. (227) is in the form (203) and can be factored into V dp6p 
if the vector coefficients are diplanar. We may not have B2; = 0, 
for if so the vector is reducible. Thus the condition for coplanarity 
is that Be3 shall vanish. If so, the quadratic vector (225) becomes 


Bi(Bioxers + B33) + Bo( Boxe? + Booaerts); (228) 


and if B12 is not zero we may subtract the vector term 


04 Boire + Aue» x3 ; (229) 


12 
writing the resulting quadratic vector as 


B1(Bisxexs++- Bizaxs? — Boyx\22—b2x 123) +Bo(Boo—b)2e%3—B3(Boitors 
+bx3*) (2380) 

where b stands for the coefficient of 23 in (229). Taking ; (231) 

dp = 22VB:8o( Be: Bis— BooBir) — VB381(23Bo1Bist+22B12Ba1) 

Op = Boix3V B2B3+ (Biots— Boia1) VB: Bo, 


we have (230) identically equal to V@p§p aside from the scalar factor 


Boi Bi2- SBiB 283° 
If By. = 0 (225) becomes 


B1Bi3x3? + Be(Borre? + Boorers); (232) 


if we add the term —cp(22Bo; + 23Bo2), where c is a scalar constant 
neither zero nor unity, the resulting quadratic vector may be written 


B1(Bisax3? —¢Bo11%2—CB22123)+B2(1 —c) (Bore 24 Boorot's) —cB3(Boire3 
a B 9023) (233) 


If we take 


gp = cents ~ VBBite((12Bart2sB22) VB2B3+ (23Bis—ca1 B22) VB:B2, 


6p = - Ine r2eV Bi Bo + r3VB3B,, 
(234) 


a 
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we shall have (233) identically equal to V¢p6p aside from the scalar 


factor SB1B 283. 
Returning to (225), if Be: = 0, the vector can have no axis except 
B,. If we take 
Boo Bo; 


y —_-_ ’ s=>- = 8 (235) 
Cc Cc 





where c is any non-vanishing scalar, and subtract from (225) the 
term p(y22 + 2x3), the resulting quadratic vector may be written 


By (B, iter’ + Boa ea3+ Byi3a9" YX LQ — BL 12°3) + Bo( Boorers — 2493" YX") 
—B3 (yx tg Zits"). (236) 
If we now take 


op = (22Boo+23Beo3) VBB3— (21 Boo+22Bi10¢) VB3B1 
-+[21(eBoo— Bo3) +22(e2Bi1—cBi2) —cBi3%3| VBiB2, (237) 
6p = — 23V 8381+ (re+c7x3)V B1B> 


we shall have (236) identically equal to V¢p6p aside from the scalar 
factor cSB B83. 

This completes the factorization into V@p§p for all possible cases 
where all cones (3) have 8; a double element. 

If the cones (3) have 6; an axis of the fourth or higher order, with a 
uniquely determined tangent plane, it has been shown that we may 
throw into one of the two forms (185) or (195), according as f; is an 
ordinary, or an inflectional, element. 

The sub-case (185) may be at once factored if the vectors 7, wu, and 
8,u are diplanar. For if we take 


op cS roV ur — ur3V 7B, 
Op aiVrB, om roV Bip 2s (! V ur + 1V x6) (238) 
U 


we shall have (185) identically equal to V@p6p aside from the factor 
Spf. 

If wu = 0, this method fails. If there exists an axis not in the plane 
22 = 0 we may suppose, as already shown, that u = af. Then the 
constant a cannot be zero. If we now subtract the term apxe, the 
resulting quadratic vector may be written 


x 122 (7 — api) + X03 (917 am aps) + 3°97 ’ 239) 
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which factors like (203) if the vector coefficients are not in the same 
plane, that is unless S638;7 = 0. If so, we must either have 7 par- 
allel to 61, or may take it parallel to 83, which is as yet any vector in 
the tangent plane. If z is parallel to 63; we may subtract the term 
p(axe + gx3) from (186). The resulting quadratic vector may be 
written 


aos { (91 as a)B3 — gB2} — x301981 + a 122 {cB3 apy}, (240) 


where c is a constant which cannot vanish. This is in the form (201) 
and can be factored, since neither c nor g are zero for this case. If 7 is 
parallel to 6, the tangent plane to (3) ceases to be uniquely deter- 
mined, contrary to hypothesis. 

If there exists no axis without the tangent plane, wu being still zero, 
we must have S6;rp = 0; for if not we should have three axis, (not 
necessarily distinct), aside from §;. These cannot be distinct and 
in the tangent plane, nor, as was shown, can they be coincident in that 
plane. Hence S8;7u = 0. But a quadratic vector of constant plane, 
having a zero in that plane, and only one other axis in that plane, must 
have that plane tangent to the cones (3) at the zero.24_ Hence z lies 
in the plane 22 = 0, and may be taken to be parallel to 83. Since u 
is in the same plane we may take uw = 5;8; + 5383. The vector (185) 
now takes the form 


B3(aaxa2 + gars” + giteas) + (6181 + 5383)ax2”, (241) 


where a is a non-vanishing constant. 

To see whether a term pSép can be added to this vector so that it 
can be factored into V@p6p, the most elegant method would be to 
consider, after Hamilton, the pure and the rotational parts of strains 
defined by ¢ and 6. As I have not in the present paper introduced 
these ideas, I shall employ the more cumbrous method of undeter- 
mined coefficients; and shall thereby avoid a digression upon simul- 
taneous forms of ¢ and 6. Since the vectors §;, 82, and 3 are diplanar, 
a general form of ¢ and 6 with undetermined constants p and q may 
be taken as 


gp = 21(pVBB3+qV B3B1+rVBiB2)+22(p’ VBoB3+9iV 838i +1’ VBiB2) 
+23(p” V B2B3+ q” } ‘BsBit+ ry ‘B:B2), 
ip = 21(piV B2B3+qiV BoB1+1riV BiB2)+20(p' 1V BoB3s+q'1V B38: 


+ r’:VBiB2)+23(p'"'1 } ‘BoB3+q"1VB3Bi+ r”’:VB,Bo). 





21 Proved in Art. 35. 
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On the one hand we have the vector product of these two expressions. 
On the other, we have to add to (241) a term which we may write 


_ (Bix, + Bore + Bsrs) (wary + yx + Zats), 


where x, 7, and z are undetermined, and are the components of the 
vector 6. Multiplying out, and equating coefficients of like terms in 
the variables 21, 22, 23, we have a system of eighteen equations. It is 
clear at the start that we may take z = 0, for this is the same as 
saying that 6; must be a zero; which follows from the facts: that 6; 
is a sextuple axis; and Vyp@p has 3 zeros. Also, we may take p; = 
gq: = 17, = 0. For this is the same as making the coefficient of x? 
zero, a necessary condition that 6; be a zero. We then have the 
system of equations, fifteen in number, 


Coef. of xo”. Coef. of x3”. Coef. of 2122 
a qin —qri= b; 4. pq’ — pd’ 1=9—-2 7. gir—aqri=—y 
a pri Pp n= — om y 5. pr af — pir wee 0 8. pr'i— pir on 0 
3. p'1q'— pd i= bs 6. yr" — q’r"";= 0 9. P19 on pq'1 =a 
Coef. of xo23 Coef. of2321 
10. q/ir -_ q’r”’; he gq’ yr’ ” q’ '', = 0 13. q!ur —¢ r= —8 
11. pr r. — pyr” + pr’; / = per =—g 14. pr”; ae pir = 0 


12. pig’— pit pd’ — Pp qi=m—y 15. pb iq—pqi= 


Either ¢p or 6p may be divided by a scalar which is also multiplied 
into the other, leaving V¢p§p unchanged. We may therefore without 
loss of generality assume that some one letter, as r’;, is either zero or 
unity. 

Case 1. Let r’; = 1. I shall show first that p must be zero. 
For, if not, we have, (by 8), p = pir. Substituting in 14 we have, 
(since r cannot be zero if p is not zero), p”; = pyr’;. Then writing 
for p and for p”; their values in 15 we have, since p’; cannot vanish 
if p does not, 


rq —q'ir = 0. (A) 


Comparing with 13, this gives z = 0. Hence r’’; is not zero, for if so, 
by 13 and 14, (since r is not zero), p’; = 0 and q”; = 0, making Op 
a monomial and Vd@p6p reducible. We may then write r”’; = cr, 
where c is not zero. By (A), q/’1 = cq and by 14 p”; = cp. From 
5 and 6 we have 


pr _ pr” = Q, qr a gr” = 0, 
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and since r is not zero it follows that pq — pq” = 0. But from 4, 
writing for p”’; and q’’; their values, cp and cq, 


— e(p"q — pq") = 9 — 2. 


Therefore g = z = 0, contrary to fact, since if g vanishes the quad- 
ratic vector is reducible. Thus if r’; = 1, p = 0, which is equivalent 
to.saying that either p or r’; must vanish. 

Case 2. Let p= 0. We need not now assume r’;=1. By 8, 
either p’; or r must vanish. Suppose p’; = 0. By 9, we havea = 0, 
But if a = 0 the vector (241) has, at @;, a quadruple axis of the first 
kind, contrary to hypothesis. 

Suppose p = r= 0. Then, by 9, neither p’; nor q can vanish. If 
we take gq = 1, we have p’; = a, (by 9), and r’; = y, (by 7). Also 
r’’, = 2, (by 13), and p”’; = 0, (by 15). Now r”; cannot vanish, for if 
so we have, by 6, either g”; = 0, or r” = 0; but if q”’1 = 0, g = 0, 
by 4; and if r” = 0, p” = 0 by 11, (we cannot have r’; = 0, since 
not both y and z vanish), and again g = 0 (by 4). Hence r”; is not 
zero. 

We therefore have p” = 0, (by 5), and z = g, (by 4). Equation 6 
now becomes 


Io 8 


qr’ — gq’ = 0, (A) 


which will serve to determine g’’. There remain the six equations 


1,2, 3, 10,11, 12. Substituting values, these become, 


1. qr’ __ q'y - b, 10. q’ yr” — q’9 + q’ yr’ i q’y _ 0 
2. py —ar=—y ll. pg—ar’=-g 
2. aq’ PSs pq’: = bs 12. aq’ _ p’g"s = 9, — y. 
By elimination of q” and p’ from 11, 12, and (A), we have 
Gi=n-y. (B) 
By elimination of q’ and r’ from 1, 2, and 3, 
y(q'1 — b3) = aby. (C) 


Since neither a nor b; can be zero, y cannot. Hence this equation 
gives a value for q’;. By 11, we have r” in terms of p’. It is then an 
easy calculation to substitute, in 10, all other unknowns in terms of p’ 
and y. We find all coefficients of powers of y cancel out, giving 
big = 0, which is impossible since the vector is irreducible. Hence 
we cannot have p = 0. 
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Case 3. Let r’; = 0. We cannot also have p’; = 0; for if so, we 
have y = 0, (by 2), and r = 0, (by 7, since q’; is not zero by 9); then 
r’, = 0, (by 14), and z = 0, (by 13), but z and y are not both zero. 
We then must have, by 8,7; =r=0. By7,y=0. By2,7r’ = 0. 
By 1, 6; = 0, which is not true. Hence r’; cannot be zero. 
Thus the vector (241) cannot be written in the form 


Vobp0p + pSép. 


This completes the examination of (185) when u = 0. The factoriza- 
tion (238) also fails when Sau8; = 0. If there exists an axis not in 
the plane x2 = 0, we may, as before, subtract the term apx2, with 
uw = aBe. If a does not vanish we may factor as in (203). We can- 
not now conclude that a is not zero, since we have not u= 0. If 
a = 0, and S788. = O, the vector (185) becomes 


(e181 + coBe) (xite + gas? + g’roxs) + uBirors (242) 


where ¢; and ce are constants, and ¢2, at least, is not zero since 7 is 
not parallel to 6:. If cis not zero, we may add the term 


(S) 
git oo 

Ci 
when the quadratic vector may be written 


By {care + crgx3? + (cigs + u)x2x3 — 20123} 


+ Bo{ coasxe + Cogx3" +. Cogitot3 — ZX3} —_ B3223", (243) 
where z has been written for =, If we then take 
Ci 


dp = C2t3V BoB3 — c1t3V B38; — cor, VBiBe, 
Uxt3  C4%2 
Ci 


6p = VB2B; + VBsB; —— aa + VB:B2 9x3 +(0 + a , (244) 


we find (243) identically equal to V¢p6p, aside from the factor S618283. 
This method fails if c; = 0. If so, the vector (242) becomes, aside 
from a scalar factor, 


Bo(aayr2 + gx? + giters) + uBix20s, (245) 


where a is a constant which is not zero. This quadratic vector has fp; 
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for a quadruple axis and {2 for a triple axis. If we add the vector 
term 
— p(ax; + gixs) 


the resulting quadratic vector may be written 
Bi(uaers — ary”) + (gB2 — giBs)rx* + (— giBi — aBs)x3%1, (246) 


and if we then take 


op = — axi(giV 381 + gVB1B2) — ax2uV B38, 
+ 23(ga VB2B3 — g:°VB3B1 — ggiVB1B2), 
Op = ax,VB3B; + 23(9i1V B38: + gVBiB>), (247) 


we find (246) identically equal to V¢p6p, aside from a scalar factor 
gaSB B83. 

If no axis exists except in the plane x2 = 0, (having now by hypo- 
thesis Sry8, = 0 and u not zero), we must, as before, have 7 an axis 
which we may take as 63. The quadratic vector may then be written 


B3(aar,a%2 + gas + GJ 12923) + uBitox3 + (b:6, + b383)x x, (248) 


where the constants a, b;, and 63, have the same meaning as in (241). 
To see whether a term pSép can be found which shall render this 
vector factorizable, we may set up equations as for (241), with the 
difference that the right member of 10 will now be w instead of zero. 
In the equations under (241), for Cases 1 and 3, equation 10 was not 
used. Hence the reasoning still holds. For case 2, the reasoning is 
as before, up to the substitution in equation 10. The result gives 


b ; ; . . 
y= "9 asa unique solution. The values of dp and of 0p which follow 
u 
are, on letting p’, (which, from the equations, is arbitrary), have the 
value —1, and clearing of fractions, 
op = —gx2V BoBs+ (ga1— U's) VB381, 


bp = agux2,V BoB3+ | (au?+bsgu)ae+ (gg1u— big”)a3} VB38; 
+ {b1g2x2+g2urxs} VB:Bo; 


while (248), after subtracting the term p(y22+ 923), becomes 


B 1(Uatgarg +b yao" — YX XQ— JX 1X2) +Bo( — Yo? — gXoX3) +B3(ax Wot Gir o2s 
+ b3ao?— yarers). (250) 
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We then find that (250) is identically equal to V¢p@p, aside from the 
scalar factor g?uSB18283. 

This completes all possible special forms of the vector (185). The 
only form which cannot be made factorizable by a term pSép is the 
vector (241). 

The only remaining irreducible vector to be considered is (195). 
If there is at least one axis other than 8), we can write as (196), which 
factors like (203) if the vector coefficients are diplanar, that is, unless 
S638:¢ = 0. If so, we may write (196) as 
















Bi (Dixearg + Ux3") + B3(bsarea's + ax 22), (251) 





where ¢ = 5,6; + 6383. To see whether a term pSédp can be added 
to this vector so that it can be factored into Vdp6p, we note that it has 
8, for a quintuple axis, and B2 for a single axis, and the other axis is 


Bibshi + Boau — B3aby. 


















Therefore V @p§p, if it exists, must have 6; for a zero, since three of its 
axes must be zeros, (not necessarily distinct). We may then set up 
equations, fifteen in number, as for the vector (241) and the left 
members will be identical with those for (241). The right members 
will be the same for equations 2, 5, 7, 8, 9, 11, 13, 14, and 15. The 
remaining equations become 


q/ir’ a q'r' = @ 10. q/ir”” —_ q’r”’ + qr’ va: qr’ =); 
p19 oe pa’: =@ 12. p19” _ ie re p’q’ _ pq'i=bs—y 
. pig’ — he OE Fen lees 

6. yr’ — qr’) =U 





> We 


The reasoning under case | is precisely as before, up to the obtaining 
of the relations g’1= cq and p’’;= cp, since none of the new equa- 
tions are used sofar. Then by 4 and 5 we have 


p'r— pr’ =0, p’q — pq” = 0, 


and since p is not zero it follows that g’’r — qr” = 0. But, (from 6), 
putting for q”; and r”’; their values cq and cr, we have 


—c(q’r — qr’) =u 





Therefore u = 0, which makes (251) reducible contrary to hypothesis. 
Hence if r’1:= 1 we cannot have p different from zero, Hence either 
r’; or p must be zero. 
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Case 2. Let p= 0. As before, p’; cannot be zero. Hence r = 0. 
And as before, if g = 1 p’)= a, 7'1= y, r’'1= 2, and p”;= 0. 

We cannot have r”;= 0. For if so we cannot also have q’’:= 0, 
for 6p would be a monomial. Then p’= 0, (by 4), and r’= 0, 
(by 11). This makes u = 0, (by 6), which is contrary to hypothesis. 

We must then have p’”’= 0,(by 5) and again z = 0, (by 4), orr”’;=0, 
. just proved impossible. Hence this case is impossible. 

Case 3. Let r’1:= 0. We cannot have p’;= 0, by the same reason- 
ing as before. We must then have r = 0, (by 8), y = 0, (by 7), and 
r’= 0, (by 2), as before. Then r”’:= 0, (by 14), and z= 0, (by 13). 
But not both y and 2 are zero for this leaves (251) unchanged. Hence 
this case is impossible. Hence no term pSép can be found. 

It remains to consider the possibility that (195) shall not possess 
an axis Other than #;. If we write ¢ = 5:8; + boBe + 5383, and 
u = C18; + CoBe + 383, the vector (195) becomes 


Bi (by rerg+c122?+ Ux3’) +Bo(borer3+ Cots”) +B3(baxoxz+C3r2+ ar 122), 
(252) 


which we may denote as usual by Fp. If p = B11; + Bowe + B32, the 
vector equation V pF = 0 defines the axes of Fp, and, by multiplying 
out, is equivalent to the three scalar equations 


Xo(b3aea3 + C322” + axite) — 23(Dever3 + cre”) = 0, 
23(bx223 + cya” + UX3*) - a1 (b32ex3 + ¢3a2? + 2122) = U, 
X1(boreas oe Coa’o”) one Xo(bi2x0x3 a C120" a U23") == (), 


If there is no axis except 8,, these equations have no solution when 22 
is not zero. Furthermore, if x2 is not zero, any solution of the first 
and third equations simultaneously must be a solution of the second. 
By elimination of x, from the first and third equations we have the 


cubic 


be*x3° + (2bece —bebs—au )ar at's? + (c2? —b3c2—bee3— ab area's 
2 —- (acy+ CoC3)a’o” =U. (253) 


If this equation can be solved for x3, we can find x; from the first of the 
above cubics, and so have an axis other than 8;. That no such axis 
exist it is necessary that be = 0, and hence also that au = 0 contrary 
to hypothesis. Hence such an axis must exist. This completes the 
study of (195), and hence of irreducible quadratic vectors. 
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SUMMARY OF RESULTs. 


38. All irreducible quadratic vectors may be thrown into the 
form V@p$p + pSép, with exception of two special cases. 
First exception. 


B3(aait2 + gx3" + 91X23) + (6:81 + 6383)2-?. (241) 


This vector may be detected, when its components X, Y, Z, are 
given in any form, by the following properties; it has a sextuple axis, 
and a single axis; the tangent plane to the cones (3) is unique and © 
determinate for at least one of the cones; the single axis lies in this 
tangent plane; on taking (#; for the multiple axis, 8; for the single 
axis, (so that x. = O gives the tangent plane), and #2 any vector 
without the tangent plane, we may remove the terms in 2’, x22, and 
2,23 from the coefficient of 8:, by adding a properly chosen term pSép; 
and the vector then takes the form (241). 
Second exception. 


B(byxors + urs) + Ba(bsrors + aaya2). (251) 


The properties of this vector are: it has a quintuple axis; the tangent 
plane to at least one of the cones (3) is unique and determinate at this 
axis, which is an inflectional element of the cone; on taking #; for 
the quintuple axis, B2 for another axis, 83 any vector in the tangent 
plane except 61, we may remove the terms 2’, 722, and 2x3 from the 
coefficient of 8;; the vector then takes the form (251). 

If the quadratic vector does not come under either exceptional case, 
the method of throwing it into the form V@¢p6p + pSép depends upon 
the configuration of the axes. The form of the constant vector 6 is 
not, usually, unique, but may have thirty-five possibilities or fewer. 
The values obtained in this paper, are, therefore, not the only ones 
that could be given for the majority of cases. They have been selected 
so that 6 should be rational, and as simple as possible in terms of 
known axes. 
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